


Gx wpnis | 
UNIMASTTARIS 
HABERTAEASIS 





SPECIAL COLLECTIONS 


UNIVERSITY OF ALBERTA LIBRARY 


REQUEST FOR DUPLICATION 


I wish a photocopy of the thesis by 


MGRRI Soa), NA. (author ) 








entitled JsvesTrhAtions oF FOUNDATION DETORMAT ON VSI 
PRESSURE PRORE 


The copy is for the sole purpose of private scholarly or scientific study 
and research. I will not reproduce, sell or distribute the copy I request, 
and I will not copy any substential part of it in my own work without per- 
mission of the copyright owner. I understand that the Library performs 
the service of copying at my request, and I assume all copyright responsi- 
bility for the item requested. 


F. 236 September 1975 





HOTTAIITTUM AOL T2TUpaH 


yd atest adt te yyosotedg 2 dalw I q 
(toddus) , siecle ESA. 


















sri Pa ay wt. beltivas : 
Pe = FUye ay 
Ybede oliitneroe Os a vis 

~veanpet I yqoo sit : £ foe \ o3ND forss29 

-16¢ juodsiw Arow mre x3 ti to s38y ba a3 tnade dvs yee ygoo tom ILfv . 
emrotisg yxerd Ll onde. Srey: fui E .tenwo sigitygoo end to mokes | 
~tahoqaes tdyivygoo Lis zea I bas .cesupet ya te antycoo to soivas ; 
Setanupet mock edd tot 7 





» 
i; 
= 7 
- 
i 
6 > 
a 


et 


a ee ; 


Sa ari 
i. f. 











Digitized by the Internet Archive 
in 2022 with funding from 
University of Alberta Libraries 


https://archive.org/details/Morrison19/2 





THE UNIVERSITY OF ALBERTA 


INVESTIGATION OF FOUNDATION DEFORMATION 
USING IN SITU PRESSURE PROBE 


by 


(Cc) NORMAN ALEXANDER MORRISON 


A THESIS 
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH 
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE 
OF MASTER OF SCIENCE 


DEPARTMENT OF CIVIL ENGINEERING 
EDMONTON, ALBERTA 
FALL, 1972 










ATAIGUA 20. YTI2AavIMG SAT 


WOITAMAOTAG MOITAQWYOA 30 MO1TAATTEIVME 
39099 3AUZEIAA UTIZ WI ANIA 


yd 


WOZTAAOM ATOWAXTIA WAMAOM : a 


_ 21@3HT A 
HOMAAZIN GMA 23TGUT2 ATAUGARD 30, YTIUDAI SAT OT OSTTIMSUe 
33f930 SHT 903 2TVAMIALUOIA SHT 3O THIMITIIUI JATTAAY WE 
3OMIII2 30 aaT2AM 30 


THE UNIVERSITY OF ALBERTA 


FACULTY OF GRADUATE STUDIES AND RESEARCH 


The undersigned certify that they have read, and recommend to 
the Faculty of Graduate Studies and Research, for acceptance, a thesis 
entitled INVESTIGATION OF FOUNDATION DEFORMATION USING IN SITU PRESSURE 
PROBE submitted by Norman Alexander Morrison in partial fulfilment of 


the requirements for the degree of Master of Science. 





> air 
. 
wack 9 ¥TpaivTed Qe 
asnageta. Gud 22toels (ORR WO) Ti eian' 
! WRAL Til tia! *) Sy hraer agen ity 1 v" 2) 7 iL rw 
é ryt 7 ;, hi ’ y% aes f } i als / SoG? af oT 


ay ere n' 3 af 1 “wg = ‘ ' a a7 Jee 
y rf f 1 1. Ae Ser vers Pe i 


1A tort edn Sag 





ABSTRACT 


In the case of overconsolidated soils and soft rocks, with water 
content at or below saturation level, the undrained component of foundation 
deformation is a substantial percentage of the total deformation. Som 
(1968), upon studying the behavior of structures founded on the over- 
consolidated London clay, observed that the undrained settlement con- 
stituted on average 57.5% of the 50 year settlement. DeJong (1971) 
observed similar foundation deformation behavior both with respect to 
settlement and heave response. DeJong's research involved the partially 
saturated and saturated overconsolidated soils and soft rock that make 
up the foundation material of central Edmonton. 

The theory of elasticity can be used to estimate the undrained 
component of settlement or heave if representative deformation moduli 
can be obtained. The deformation modulus is recognized as beina very 
sensitive to sample disturbance effects, with modulus values obtained in 
the laboratory usually being much lower than would be supported by field 
observations. For example DeJong (1971) concludes from his research that 
"the deformation moduli obtained from conventional laboratory tests proved 
to be unreliable when compared to the field moduli," and "the ratios of 
field to laboratory moduli are large indicating that the use of laboratory 
moduli will lead to gross over-estimates of settlement". Therefore in 
order to make accurate predictions of the undrained deformation of 
foundations, a reliable method of obtaining representative deformation 
moduli is necessary. 

Based upon this philosophy in situ pressuremeter tests were per- 
formed to determine the deformation moduli of the overconsolidated 


foundation strata underlying the CN and AGT Towers in Edmonton. A depth 
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of 170 feet and 190 feet were investigated at the CN and AGT Tower sites 
respectively. 

DeJong (1971) had obtained very good load-settlement data for the 
CN Tower and excavation-heave data from the AGT Tower excavation. The 
availability of this data along with the high percentage of undrained 
or immediate deformations experienced at both these locations, provided 
an excellent opportunity to determine the acceptability of the pressure- 
meter as a device for obtaining the in situ deformation moduli of over- 
consolidated soils and soft rock. 

The values of deformation moduli obtained from the in situ 
pressuremeter tests were used in two and three-dimensional finite element 
analyses. The results obtained for the settlement of the CN Tower and 
the base heave of the AGT Tower excavation, agreed remarkably well with 
actual field observations. 

The adequacy of the analytical technique assisted in demonstrating 
the accuracy with which the in situ pressuremeter test can determine the 
actual deformation modulus of overconsolidated soil and bedrock. 

An account of the present inadequacies of the pressuremeter probe 
and the economics involved in this type of foundation investigation are 


also discussed. 
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CHAPTER I 
INTRODUCTION 


1-1 Theory 


Deformations in soil and rock as well as in other media, arise 
from strains produced by a change in normal and shear stresses. A change 
in the state of stress of a soil or rock will result in total deformations 
that consist of immediate and time-dependent components. 

The immediate deformation of soil or rock upon change in applied 
total stress is known also as the undrained component of deformation. In 
the case of saturated ground this refers to shear deformation under no 
volume change. For partially saturated ground, immediate deformation 
refers to shear deformation under undrained conditions but also includes 
volume change deformation insofar as there is an immediate normal effective 
stress response giving rise to volume deformation. 

Deformations arising from volume change produced upon dissipation 
of excess pore pressure are known as primary consolidation deformations 
and are time-dependent. The excess pore pressure generated is a function 
of the change in normal stress and the change in shear stress (Skempton, 
1954). The extent to which a change in normal stress contributes to the 
generation of excess pore pressure is a function of the degree of saturation 
of the soil or rock mass. A change in shear stress affects the pore pressure 
insofar as a change in volume of the soil mass may accompany the change in 
Shear stress. Volume change of the soil mass due to shear stressing is a 
function of the type of soil and its stress history. 

A further time-dependent deformation occurs under essentially coi- 
stant effective stress and is referred to as secondary consolidation 


deformation. 
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The portion that each of these deformation components contributes 
to the total deformation is primarily a function of the type of soil 
foundation and its stress history. It has been observed by Som (1968) 
and DeJong (1971) that structures founded on overconsolidated soil 
foundations generally have lower total settlements than those located 
On normally consolidated soil. This they attribute to the decreased 
compressibility of the overconsolidated soil arising as a result of pre- 
stressing. Som (1968) and DeJong (1971) further observed that the 
immediate component of settlement is much greater for overconsolidated 
soils than for normally consolidated soils, usually in the order of 60% 
of the 50 year settlement, as opposed to about 16% in the case of normally 
consolidated soils. 

The explanation offered by Som (1968) for experiencing much 
higher immediate deformations in overconsolidated soils than normally 
consolidated soils under identical conditions of loading is that the 
pore pressure parameter A (Skempton, 1954) is much lower for overcon- 
solidated soils than for normally consolidated soils (Bishop and Henkel, 
1962). Therefore the excess pore pressure generated in the overconsolidated 
soil foundation is considerably less (Skempton and Bjerrum, 1957) and 
consequently the immediate component of deformation is increased and the 


consolidation component is decreased. 


1.2 Scope of the Thesis 


The foundation materials in the Edmonton area are highly over- 
consolidated and therefore according to Som (1968) and DeJong (1971) the 
total deformations of structures founded on these soils will be small and 


consist largely of the undrained deformation component. Therefore it is 
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of great importance to be able to predict the undrained settlement or 
heave in this case. 

The theory of elasticity can be used to predict immediate or 
undrained deformations of soils subjected to a change in the state of 
stress. However it is necessary to obtain the undrained modulus of 
deformation of the soil in order to carry out any calculations based 
on the theory of elasticity. Unfortunately it is a well established 
fact that the deformation modulus of a soil is very sensitive to soil 
disturbance and attempts to measure it in the laboratory are usually 
unsuccessful. 

This thesis presents an attempt to measure the modulus of deform- 
ation of the overconsolidated soils at two locations in downtown Edmonton 
(CN and AGT Towers). 

The deformation modulus was measured using the in situ pressure- 
meter probe and Pitcher samples were taken from adjacent boreholes for 
comparative laboratory testing. 

Load-settlement data of the CN Tower and excavation-heave data 
from the AGT excavation was provided by DeJong (1971). 

The geology at both tower locations consisted of distinct 
relatively flat lying strata. The heterogeneous nature of this foundation 
necessitated the use of finite element deformation analysis for the pre- 


diction of the undrained component of deformation. 
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CHAPTER II 
ELASTIC DEFORMATION OF FOUNDATIONS 


2.1 Introduction 

Problems encountered in geotechnical engineering are primarily 
concerned with settlement and stability. Settlement of structures 
founded on soils is comprised of three physically different soil mass 
responses induced by a change in total stress. These three components 
of settlement are initial or undrained reaction, primary consolidation, 
and secondary consolidation. For the case of saturated soils, initial 
deformation refers to the response of the soil to change in total stress 
under undrained conditions and the consolidation components refer to 
deformation as the result of drainage. Soil permeability and rate of 
loading chiefly determine the degree of overlap between settlement 
phases, with the relative magnitudes being a function of soil type, 
depth of compressible layer, and degree of overconsolidation (Hanna, 
1953; DeJona, 1971). 

The undrained deformation component is of central concern to this 
thesis insofar as it is the major contributor to total deformations in 
overconsolidated soil foundations (Som, 1968; DeJong, 1971). | 

Particular attention is given to the pressuremeter as a device for 


measuring the deformation modulus and undrained strength. 


2.2 Elastic Analysis Techniques 


Stress-displacement analyses have been the object of much research 


in the past, but not until the widespread availability of computers, have 
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the methods gained much versatility. 

Boussinesq, in the 19th century, developed a closed form solution 
for deformation of a point load on the surface of a homogeneous, isotropic, 
linearly elastic half-space. Steinbrenner, Newmark, Terzaghi and others 
developed various integration procedures, based on Boussinesq, for the 
solution of more practical boundary condition problems (Terzaghi, 1943). 
The basic assumptions underlying these solutions, made it necessary to 
idealize soil and loading conditions often to the extent that the answers 
were unacceptable in practice. 

To further the application of these elastic solutions, for ir- 
regular loading conditions, subsequent research moved toward developing 
influence values which were incorporated into the elastic equations. 

Also necessary for the application of the elastic solution is a 
representative deformation modulus, the measurement of which remains a 
problem to this day. 

Lambe (1964) combined elastic and consolidation deformations with 
his effective stress-path method and in one analysis, provided one of 
the first pragmatic treatments of stress-deformation behavior. Pleasing 


in principle, inherent is the notion that "strain, porewater pressure, 

and strength of a soil element depend on stress path" (Lambe, 1967). 

One problem with this method is its tendency to become indeterminate as 

the loading and soil conditions gain in complexity (Lee, 1968). A 
circular state arises where, in order to define the stress path of a 
particular soil element, prior knowledge of the soil behavior is necessary. 


Observations by Ladd (1964), Lo et al. (1971) and others indicate soil 


sample disturbance to be the greatest single factor working against this 
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and other analytical techniques depending upon laboratory moduli. 

The finite element technique is the latest numerical procedure that 
can be used for stress analysis and was the one employed in this thesis. 
Zienkiewicz (1971) summarily defines the finite element method as 
“essentially a process through which a continuum with infinite degrees 
of freedom can be approximated to by an assemblage of subregions (or 
elements) each with a specified but now finite number of unknowns". 

The technique requires a computer for its mathematical operations, 
but has the versatility of dealing with nonlinearity, anisotropy and non- 
homogeniety, under any loading and displacement boundary condition. 
However defining the stress-strain properties that go into the analysis 


still remains a problem (D'Appolonia et al., 1971). 


2.3 Measurement of Stress-Strain Relationships in Soils 


(a) Introduction 

Although the analytical techniques have reached a high degree of 
sophistication, the accurate measurement of the in situ stress-strain 
characteristics of soils has not developed comparably. 

The particulate nature of the solid component of soil makes the 
stress-strain behavior of this material exceedingly complex. Even the 
concept of stress as it applies to soils is not straight forward in that 
the interparticle forces on any given plane are not continuous and there- 
fore a macroscopic definition of stress is required. Similarly strain is 
usually treated at the macroscopic level since the sliding, rolling and 
distortion that takes place at the microscopic level is complicated and 
difficult to account for in a stress-strain analysis. The presence of 


pore fluid in most soils, further complicates stress-strain behavior by 
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introducing the dimension of time into the state of effective Stress and 
Stee in. 

Despite the peculiar nature of soil, the theory of elasticity can 
be used with success for the prediction of undrained deformations in 
soils. In adopting this theory one assumes that stress is a function of 
Strain. Most of the useful solutions from the theory of elasticity also 
assume that the soil is homogeneous and isotropic. 

Although in applying the theory of elasticity to load-deformation 
problems in soils it is necessary to idealize the soil Structure, the 
biagest difficulty has been the determination of a representative modulus 
of deformation of the soil. The accurate determination of the modulus 
of deformation (E) was the prime objective of the foundation investigations 
discussed in this thesis and has also been the object of much concern in 


general (Ladd, 1964; Lo et al., 1971; and Milovic, 1971). 


(b) Tests for Undrained Deformation Modulus 

Deformation moduli are determined from static or dynamic loading 
tests, in situ or on laboratory samples depending upon the nature of the 
field loadina condition and the economics of the project. 

Static tests on laboratory samples usually take the form of un- 
confined compression and undrained triaxial testing in which the modulus 
is measured directly, (Ladd and Lambe, 1963; Ladd, 1964; and Lo et al., 
1971) or indirectly by measuring strength (Skempton and Henkel, 1957). 

Laboratory values tend to grossly underestimate E and consequently 
greatly overestimate settlement. Modulus values are recognized as being 
dependent upon many factors of varying importance, with parametric studies 


being performed to identify their relative influence. 
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Ladd (1964), on moduli from UU and CIU tests on clay, found the 
level of applied shear stress, degree of overconsolidation, rate of 
Shear, sample disturbance and confining pressure to be strong influencing 
factors. His CIU tests at in situ effective stress, gave higher moduli 
than the UU tests due to the removal of some sampling disturbance effects 
by consolidation. 

Lo et al, (1971) reports no appreciable effect of strain rate and 
sample size on UU moduli of stiff fissured clay but names sample dis- 
turbance as the greatest contributor to low laboratory modulus values 
(also observed by Crawford, 1963). 

Bjerrum and Lo, (1963) and Ladd, (1964) found a direct variation 
in modulus with time allowed for secondary consolidation prior to un- 
drained shear. It is suggested that at least one log cycle of secondary 
consolidation be permitted to "re-age" the soil. 

Some examples of laboratory and field moduli discrepancies are 
listed below in Table 2.1. In comparing the respective values one 
should keep in mind the amount of interpretation required in arriving at 
a field modulus, in particular, the accuracy with which the stress dis- 


tributions, loads, and settlements are known. 
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TABLE 2.1 


TYPICAL FIELD/LABORATORY MODULUS RATIOS 











E sel Lab 

E (lab Test Project Report 

4 to 5 unconfined Buildings (Boston Liepens (1957) 
compression Area) 

4 to 5 unconfined General Bjerrum (1958) 
compression Discussion 

3 el 5 undrained Excavation Serota & Jennings 
triaxial Heave (1959) 

1* unconfined Excavation Heave - Bozozuk (1963) 
compression Ottawa Sewage 
Treatment Plant 

4 to 13 unconfined Settlement - Toronto -Crawford & Burns 

compression Mt. Sinai Hospital (1963) 


*from best tests run on block samples 


Lo et al., (1971) report block sample modulus values to be from 
4 to 7 times greater than Shelby tube sample moduli. 

An attempt to minimize the effects of sample disturbance is outlined 
by Ladd (1971). Known as SHANSEP (Stress history and normalized soil 
engineering properties), the main difference from standard procedures is a 
reconsolidation of the sample to an effective stress greater than in 
situ; the notion being that disturbed samples if properly reconsolidated 
in the laboratory, can achieve "soil structure" and normalized properties 


that are very similar to those of the in situ soil. 
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This testing method gives better modulus values but the necessity 
of high pressure triaxial equipment and the uncertainty of the "proper" 
overconsolidation ratio to apply detracts from the procedure. 

Laboratory and field dynamic testina for modulus has its principal 
use in determining a response to cyclic and impact loading, and is not 
of concern in this thesis. Dynamic E values have often been used as a 
guide to rock quality in static loading projects (Dixon, 1968). The 
concern of this thesis is the measurement of the static modulus. 

In situ static modulus tests common in practice are the plate 
bearing and borehole pressure devices. The moduli obtained in situ are 
generally much greater than the laboratory moduli determined from bore- 
hole samples (Higgins, 1969; and Lo et al., 1971), and often are in good 
agreement with moduli determined from observations of foundation perfor- 
mance. 

Plate bearina tests provide acceptable moduli by testing relatively 
undisturbed soil, but the physical nature of the test limits its versatility. 
A single surface test is generally inadequate if the soil foundation is 
deep, compressible, non-homogeneous, and where the loading is of consider- 
able areal extent. Plate bearing tests have been performed down a bore- 
hole with success (Burland and Lord, 1969) and at a reasonable cost 
(Lake and Simons, 1969) and so if necessary a profile of modulus with 
depth can be obtained with plate bearing equipment. 

The Menard type pressuremeter is (to the author's knowledge) the 
only borehole device commonly used at present in soil to measure its 
deformation properties. According to Menard (1965), the first pressure- 
meter was conceived by Koegler in Germany at an earlier time but he was 


unable to devise a workable mechanical system. 





Of 


ytieesosn sds tud eoulsy auTubom xatted eavip bonsem Gattess zt . 
"asgorg" sit to ysntstyoonu sit bas tnaing FPS feixetw syuzesrqg dept to 
.svubes07g si? mort edositab ylqqs oF Ofte ‘narssbt foznoasvo 
feqtoniag att es ewlubom yot onttead otmenyb blot? bis yNoterods) ~~~ 
ton 2F bas. .pntbsol Joaqmt brs af foyo os g2enoq2s B-pAtnimeteb nf 92u 


6 26 boew need Netto over zoulev J otmenyO .2fesdtiiertd wh meshed FO” 


fT .(B80T ,moxtG) edostorvg pnitbsof otsese ni reisup toe oF obtup 


_autubom ottete oft to tnsmom2sem odd et eheadd ahd to wreonol” 

otsiq oft 916 softosyg ni nommoo 2i2ot aufubom oftet2 wite wl 
s16 utte nt bentetdo tlubom oT .2esotvab exveesyg sforevod-bas ontisad 
-9vod mor“? bontmistab tfubom vrotéyode! oft neft vsteovp doum yf leromsp’ 
boop nt a6 nadto bne . (Vel ..fs Jo od bas ; ee! -2ntoptH) 2afqmse ofon 
-1TI9q NOttsbnuot to enotssvysado movt benrmissop fhubem Asiw Inomesiys 
| -9205im 

vlavitefey antdess yd tlubom 9fdstqodes sbtvorg atest onfiesed st6f4 
St(tisevev ett ettmt! gest afd Fo swisn Iaofevig od JUG Ito badwwiaeroau. 
2t nottsbnuct fitoe ont tt otsupebent yl isvanep ef deer sastrwe sfonte A 
-yebtenoo to ef prrbsof ant svorw bos ,2vosnspomod-non psldtezetqmos -qesb 
-svod 6 Nwob boirotysq need syed etest pnivesd otsf4 ° .tnodxe (sats sids 


__ 4209 Sfdsnozser s ts dns (PdeF eho. bra breed) e2900ue dtiw sfod 


 tittw eutubom td sf itor 6 Yrs2eo99n Tt 02 bas (CBE , encmt2-bné sd) 
ied Onan ; 





1] 


Menard in 1957 re-invented the pressuremeter device which he used 
in graduate studies at the University of Illinois. It has seen extensive 
use in Europe in the past 15 years but only recently has it come into 
general use in North America (Calhoon, 1972). 

The pressuremeter, cylindrical in shape, is expanded radially 
against the borehole wall in pressure increments, dilating the borehole. 
Internal borehole stresses along the central third measurement portion 
of the probe are assumed to be uniformly radial creating a stress field, 
corresponding “exactly neither to a condition of plane stress nor plane 
strain" (Gibson and Anderson, 1961), all the non-uniform, non-cylindrical 
induced stresses or "end conditions" occurring within the zones of the 
guard cells (Fig. 3.1). The pressuremeter test may therefore be treated 
as a linearly elastic, axially symmetrical thick-walled cylinder problem. 

A widely recognized theoretical treatment of the load-deformation 
relationships, as measured by the pressuremeter, is Gibson and Anderson 
(1961). Their equation for the modulus of deformation as determined from 
the pseudo-elastic stress range (Fig. 3.4) was used in this thesis. The 
equation is based on pressure-volume measurements in an elastic, homo- 
geneous and isotropic soil medium. 

Palmer (1971) presents a more realistic solution in terms of 
plastic behavior that is of particular interest to those workina in soft 
Soils and high deviator stress situations where strains and non-linearity 
are pronounced. Apparently Menard attempted an elastic-plastic analysis 
but did not complete the work (Palmer, 1971). 

In drilling the borehole the in situ lateral stress field is 
altered significantly in the region of the borehole. Prior to advancing 


the borehole, a uniform compressive lateral stress field can be assumed 
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to exist. Upon advancing the borehole this stress field is altered with 
radial and circumferential stress gradients being established in radial 
symmetry with respect to the borehole axis. The radial stresses are 
compressive and reduce to zero at the borehole surface. The circum- 
ferential stresses are also compressive and increase to twice the original 
in situ lateral stress value at the borehole surface. Upon reloading 
the soil with the pressuremeter probe, the stress gradients caused by 
the creation of the borehole are reduced in magnitude. When the 
internally applied pressure of the probe reaches the original in situ 
lateral stress level the radial and circumferential stress gradients 
will have vanished and the in situ stresses are assumed to have been 
elastically restored. 

Po (Fig. 3.4) corresponds to the stress level at which the in 
situ lateral stress has been restored in the pressuremeter test. 
Therefore in principle it is possible to establish Ko at any particular 
level. However, in practice the stress at which Po occurs is not 
sufficiently defined to allow an accurate assessment of Ko. Soil dis- 
turbance at the face of the borehole and non-cylindrical boreholes may 
have contributed to the inability of the pressuremeter test to accurately 
reveal the Po stress level. 

The amount of soil significantly stressed by the University of 
Alberta probe is a cylinder of height 8 inches, inside diameter 3 inches 
(Nx probe) and outside diameter 30 inches. At a diameter of 30 inches 
the magnitude of the pressuremeter induced radial and circumferential 
stresses is 1% of the internal applied stress according to the relation- 
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sa hae ae 2.1 


Equation 2.1 is the elastic stress distribution solution of an infinitely 
thick walled hollow cylinder subjected to an inner uniform pressure P. 
(Timoshenko and Goodier, 1951). This plane stress solution is for an 
isotropic and homogeneous medium but serves to adequately represent the 
induced stress field. 

The pressuremeter has seen use mainly as an instrument for 
measuring undrained shear strength and undrained deformation modulus. 

It has been the observation of Gibson and Anderson (1961), 

Meigh and Greenland (1965) and Higgins (1969) that undrained strengths 
from pressuremeter tests are somewhat greater than CU triaxial strengths 
at shallow depths, the disparity increasing with depth. 

Gibson and Anderson's experience was with overconsolidated London 
clay in which they used triaxial data from Skempton (1961) for comparison 
with their pressuremeter strengths. 

In regard to the difference in strenaths obtained Gibson and 
Anderson state: 

The reasons for this have not yet been fully explained, 

but it is known that the shear strength mobilized on a 

vertical plane - as in the pressuremeter test - is 

greater than on planes inclined at about 45 deg. to 

the horizontal - as in the triaxial compression test - 

due to the higher lateral effective pressure in the 

ground compared with the effective overburden pressure. 

Also offered is the common explanation of sample disturbance. 

Meigh and Greenland (1965) made their observations on the Coal 

Measure mudstone and sandstone and sample disturbance was their explan- 


ation for strength differences obtained. 


Higgins' experience was with soft cohesive soils and unconfined 
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compression tests as well as consolidated undrained triaxial tests were 
performed. As expected, the unconfined strengths were lower than the 
CU strengths. 

It is generally reasoned that the pressuremeter strengths tend 
to represent the average shear resistance of the soil due to the large 
volume of soil involved in a given test. 

With respect to deformation moduli, Meigh and Greenland (1965) 
found reasonable correspondence between pressuremeter and plate bearing 
tests, run on the Keuper Marls, Bunter sandstones and Coal Measures. 
They suggest that a difference is to be expected, inferring anisotropy 
when stating "the relationship between the moduli for the two tests is 
complex". 

An increase in E with depth, based on average pressuremeter values, 
was most pronounced in the silty mudstone Coal Measures on high ground 
near Wakefield Yorks. The water table lay below the depth of invest- 
igation and with the exception of one hole that was water-flush diamond 
drilled all holes on the high ground were sunk dry using wagon drilling 
air-flush methods. The wet hole produced comparatively lower values of 
E. This behavior was also exhibited in tests in Bunter Sandstone at 
Daresbury, Cheshire. 

Calhoon (1969) reports similar results to Meigh and Greenland 
(1965) for agreement in moduli between pressuremeter and plate loading 
tests. At the University of Florida at Gainesville, plate loading, 
pressuremeter and SPT tests were performed in very loose fine sand of 
about 20% relative density. For an 800 p.s.f. loading the pressuremeter 
test and SPT tests predicted settlements of 0.15 of an inch and 8 inches 


respectively. Settlement of 0.20 inches was recorded for the ] Ft 
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circular plate statically loaded to 800 p.s.f. a distance of less than 
3 feet from the pressuremeter hole. 

Accordina to investigations made by Layne-Western Co., Aurora, 
Illinois (Calhoon, 1969), pressuremeter settlement predictions agree 
very well with settlements estimated by the Meyerhof method (Meyerhof, 
1965) using SPT values corrected for overburden pressure. The con- 
ventional SPT had predicted much higher values for all the sand types 
involved. 

The Layne-Western findings on lacustrine and alluvial clays and 
silty clay tills showed no appreciable difference between pressuremeter 
and conventional settlement predictions. The pressuremeter predictions 
were generally about 30% less on average. The conventional analysis 
used "laboratory consolidation tests (with reload cycles)" as their 
data source. 

A Layne-Western case of interest is the 33 foot deep by 120 foot 
diameter excavation in silty-clay till which had a 3 day bottom heave 
of 0.3 inches and a pressuremeter prediction also of 0.3 inches. 

Dixon and Jones (1968) write of the credence given to pressure- 
meter data over static and dynamic laboratory testing and seismic 
measurements for the design of the Castaic Surge Chamber and Stokes 
Canyon Tunnel in California. Pressuremeter values were chosen because 
they better represented the rock mass. Laboratory tests were neces- 
sarily run on higher than average quality samples and gave upper bound 
moduli. Seismic measurements served best as a check on the trend of 
pressuremeter and laboratory values gained throughout the region of 
concern. 


Hendron et al. (1970), from pressuremeter and laboratory UU 
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tests on overconsolidated shale, obtained data that would strongly 
indicate the possibility of relating initial water content to modulus 
of deformation. Such a relationship would be significant in that it 
would allow the use of initial water content as an index property which 
could be used to estimate the deformation modulus of a given soil at 
locations where test data are not attainable. 

They observed further that the undrained moduli obtained from 
the pressuremeter tests were 3 to 7 times greater than those determined 


jn the laboratory. 


2.4 Summary 


Until recently, the treatment of elastic settlement of geotech- 
nical structures has been grossly inadequate, both in analytical tech- 
nique and measurement of elastic soil parameters. The analytical 
procedures have developed rapidly from the early Boussinesq approach 
through to the powerful finite element method of today. In contrast, 
improvement of the measurement of the modulus of deformation has not 
progressed at a comparable rate. 

The finite element technique makes possible the realistic treat- 
ment of nonlinear, anisotropic and non-homogeneous soil conditions 
under practically any stress and displacement boundary condition. 

Elastic parameter evaluations have characteristically been 
derived from in situ or laboratory tests under static or dynamic loading. 
Test selection is usually dictated by the economics of the project and 
the anticipated field loading conditions. 

Static undrained modulus tests on laboratory samples have 


traditionally been the unconfined compression and consolidated undrained 
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triaxial tests. The laboratory values are invariably less than the field 
moduli, often to the extent of an order of magnitude. The values, derived 
from these tests have been shown to be sensitive mainly to sample distur- 
bance, shear stress level, confining pressure and amount of secondary 
consolidation allowed before testing in undrained shear. Sample distur- 
bance is undisputably the major contributor to low laboratory E values. 

Of the static in situ tests, the pressuremeter is gaining in 
popularity as a reliable instrument for measuring modulus in sand, 
cohesive soils and soft rock. The pressuremeter also gives undrained 
strengths that are representative of the soil mass and these values 
tend to be somewhat higher than undrained triaxial strengths for intact 
materials, the difference increasing with depth in the deposit. 

There is an unfortunate lack of published case histories giving 
performance of structures that were constructed using the pressuremeter 


as a design tool. 
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CHAPTER III 


THE PRESSURE PROBE AND THE IN SITU PRESSURE TEST 


3.1 Introduction 

The in situ pressure probe, though relatively simple in concept 
and design, is like most other test instruments, in requiring centinued 
development as new test situations are encountered. Most improvements 
come as a result of experience with the existing model, based on an 
understanding of what conditions must be satisfied in the test and how 
the instrument meets these requirements. Therefore it is important to 
have a thorough understanding of the mechanical systems of the pressure- 
meter along with an awareness of their efficiency. Experience is often 
the means to this awareness. 

Some necessary modifications were installed on the University of 
Alberta pressuremeter for the CN and AGT towers investigation. Further 
design improvement is necessarv for pressuremeter testing in soft soils. 

Testing procedure is equally important if the best possible data 
are to be obtained and proper correction factors must be recognized 


and applied for meaningful reduction of this data. 


3.2 The Pressuremeter 

The pressuremeter system consists of an expandable probe and a 
pressure volumeter. Schematic representation of the system is presented 
4 il es as 

The probe consists of a hollow aluminum shaft with a spring 


loaded lower section. This shaft is surrounded by two flexible rubber 
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FIG. 3.1 SCHEMATIC DRAWING OF PRESSUREMETER EQUIPMENT 
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membranes. An 8 inch rubber membrane made from a motorcycle inner- 
tube makes up the inner membrane and is located centrally along the 
shaft where it is secured at both ends to form the interior measuring 
cell. A 29 inch rubber hose similar to a radiator hose, except for 
longitudinal reinforcing, forms the outer membrane and is clamped at 
both ends forming air-tight exterior guard cells and protective cover 
for the interior measuring cell. 

The construction of this outer membrane is very important to the 
performance of the pressuremeter. It must be able to expand radially 
but not axially. The need to expand axially upon radial expansion is 
satisfied by a shortening of the probe. The lower spring loaded section 
is pulled upward by the induced axial force upon expansion. The re- 
inforcing cord must run longitudinally and no bias can be tolerated. 
The longitudinal reinforcing is necessary to prevent friction folding 
of the outer membrane resulting in wedging of the probe in a tight 
borehole and also longitudinal expansion past the ends of the probe if 
the hole is too large. 

The guard cells are activated by gas pressure and the measuring 
cell is pressurized with water and kept at a slightly higher pressure 
than the guard cells to insure contact with the borehole wall. The 
guard cells serve to create near plane strain conditions in the region 
of the measuring cell by increasing the axial extent of the radial 
stress field (Gibson and Anderson, 1961). 

The incompressibility of water makes it an ideal medium for the 
measurement of pressure-volume behavior. 

The probe is connected to the pressure-volumeter by coaxial tubing, 


the inner tube carrying the water phase. Apart from being more compact, 
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coaxial arrangement provides a means of preventing expansion of the 
water line upon pressure application. 

The pressure-volumeter consists of a water supply tank, burette 
and a system of valves for control of pressure on the air and water 
phases. The pressure on the water phase, at the probe elevation during 
a test, is equal to the applied pressure plus the difference in head 
between the probe and pressure-volumeter (under static flow conditions). 
The excess pressure required in the measuring cell is about 10 p.s.i. 
and therefore testing at depths greater than about 25 feet requires 
that less pressure be applied to the water phase than to the gas phase. 
The required pressure difference increases with depth at the rate of 
0.434 p.s.i. per foot which is the increase in excess static head. This 
differential pressure requirement is difficult to maintain through the 
use of separate requlators and therefore a variable:pressure reduction 
valve was built to solve this problem. Fig. 3.2 shows the pressure 
control system used in which pressure reduction valves were used to 
regulate differential pressure for the water and gas phases from a 
common pressure source. (Fig. 3.2 was constructed for use in con- 
junction with section 3.3 in which a full understanding of the figure 
is developed. ) 

In order to make the pressuremeter operational it was also 
necessary to restrict axial expansion of the inner membrane. This 
was achieved quite simply by placing steel washers at the ends of the 
measuring cell (Fig. 3.1). The washer diameter was slightly greater 
than the inside diameter of the outer membrane and were slotted to 
allow gas to pass through from the guard cells to force water back up 


to the reservoir upon completion of the test. These washers were of 
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FIG. 3.2 PRESSURE SYSTEM NETWORK OF THE PRESSUREMETER 
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fixed diameter and operated effectively only in stiff soils and rock. 
The ideal condition is for these washers to expand, remaining in contact 
with the outer membrane throughout the entire test. 

The probe, as it currently exists, requires water in the borehole 
to prevent expansion of the measuring cell due to head developed as the 
probe is lowered into the hole. To shut off the water supply to the 
probe results in cavitation in the upper low pressure region of the line. 
Because of the propensity of the soil to soften and scour during wet ~ 
drilling, there is a need for a probe that will function in a dry hole. 
The design of such a probe amounts to the devising of a method of flow 
control at the probe. 

Fig. 3.3 is a design suggestion to meet this need and the need for 
a 4 inch! diameter probe with variable diameter axial expansion 
restrictors (washers). 

The operation of the flow control system of Fig. 3.3 is straight 
forward. The valves allow flow in one direction only as indicated. 

The variable pressure control valve is set to a predetermined cracking 
pressure somewhat greater than the head developed at test elevation. 
This cracking pressure is set from calibration marks on the valve or 
can be set directly by: fully loading the valve; applying the desired 
cracking pressure to the water phase; and then unloading the valve until 
the burette indicates passage of water through the valve. 

The success of this design depends upon the ability of the valve 
to transfer water across a high pressure gradient without excessive 
cavitation occurring. 

1 riilifs companies in the Edmonton area are better equipped 


to produce 4-inch diameter boreholes thereby establishing 
an economical need for a 4-inch diameter probe. 
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Water is forced out of the measuring cell through the check valve. 
A cracking pressure of 1 or 2 p.s.i. is desirable for this valve. 

Like the valve arrangement, the expandable washers described 
in Fig. 3.3 serve only as a suggestion for a design requirement. 

With respect to the design of a 4 inch diameter probe it should 
be remembered that the axial force applied to the outer membrane 
increases as the square of the diameter whereas the perimeter along 
which the resistance is developed increases directly as the diameter. 
With this in mind in going to a 4 inch diameter probe a new method of 


end restraint may have to be instituted for the outer membrane. 


3.3 The Pressuremeter Test 
Prior to performing the first borehole pressuremeter test, 
there are 24 preparatory steps that must be carried out. Variations 
to this procedure are possible but the end result is the same. The 
steps are listed below with pertinent commentary where necessary. 
1]. Ensure that the regulator will handle the expected pressure 
range. 
2. Fill the water reservoir to the top of the graduated ruler. 
The use of food coloring in the water facilitates easy 
reading of the manometer and location of air bubbles in 
the water line. 
3. Connect probe water inlet tube to the volumeter. At this 
stage there is no water in the line leading to the probe but 
when there is and when possible, this line should be discon- 


nected under about 5 p.s.i. line pressure. This serves to 


és : 






_gvfey voado oft Apyovdsd [feo privbesom ot to duo bearer ret 4936W 
-ovfsv otis vot ofdevtesb et .f.2.q S yo [ te ewleestG pntios1a A : 
bedivaeab evsiesw sfdebnagxs ant dromepnenye av iby ait ot " 
-tnemertupe? fot2ab 6 vot nofsespeve & 26 uarionetase €.6 orto 
bfuod2 tf edorg Votonistbh dont 6 6 To npresb sit ods gose2o". Agitw 
angvamem vatuo adt ot batiqqs 90707 [6iXs ald’ fend) bevedmeme? 3d 
profs tetemtysq ons eesionw totomstb aft to sveup2e ond 26 292sa rant 
yetansth odd es yltoovtb scnaeree beqofovab eb someharesy snd dotriw . 
+9 bodtom won 5 sdo1q vofomstb rant #& 6 04 pnitop atobotm nt 2tdd Ase 


ensidmom *sduo°ont ot beduttsient sd oF aver) vom tntertesy bre 


$297 yodemexveze79 oT E.6 











420t sefaniavue2ciq sloraiod teyit sad primnvatyeq: oF soFV4 
anottsrrsVY . tuo boty1s9 9d eum Jens =qot2 yrossreqsyg &S eve s198dd 
edt .ome2 ant er siuzey-bne and tud sfdteeoq evs siupssoNg ards oF 


wip2e2d99n s1olw yretnammos Jasntiysq itiw woled betetl sis aqese 


giv22siq betosqxe sit slbnsn [fiw votslupsy saz sens award tom ara 
SPB . 
fly bedsubsip on. to qot sit ot Vfovigesy vedEW og f7ta LS if 
—_— yess zodetiltost vetsw ols of maa 34 ‘Seu onT mi : 
- 


mt astdud sf ite to notseao! ine tat smor 


- = 





10% 


Lis 


26 


prevent air from entering the line at the moment of separation 
and at the instant of contact in the case of reconnecting the 
line. 

Close by-pass and air release valves. 

Connect gas bottle to volumeter first ensuring that both 
regulator and bottle are shut off. 

Place directional valve (1) on "Test". This exposes the 

water phase to the pressure source. 

Place directional valve (2) on "0-20". This connects the 
water phase directly to the pressure source and the gas phase 
indirectly through the reducing valves. 

Place the water valve on "Test". This opens the line from the 
reservoir to the probe. 

Apply 20 p.s.i. through the regulator. When the line has 
filled turn water valve to "Closed". 

Connect coaxial line to probe. The inner water line should 
extend about 1 foot past the end of the outer air line under 
zero axial load on the lines. Therefore it is necessary to 
stretch the outer line in order to join the coaxial tube to 
the probe. The greater length of the inner line ensures that 
it does not get pulled out of the probe due to axial load on 
the outer line during raising and lowering of the probe in 

the borehole. Two people are generally required to perform 
this operation but for this de-airing process it is sufficient 
to connect only the water line. 

Turn water valve to "Test". Water will thus be injected into 


the measuring cell. 
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12. Turn water valve to "Closed" when a significant bulge has 
appeared on the central part of the probe. 

13. Disconnect water line from probe and allow water to be ejected 
from the probe thus expelling any air bubbles from the 
measuring cell. 

14. Repeat operations 10 to 13 several times then connect both 
lines of the coaxial tubing. 

15. Shut off pressure at regulator. 

16. Open air release valve to depressurize the system and place 
directional valve (1) on “deflate central cell". 

17. Disconnect probe water inlet tube from volumeter and refill 
the reservoir. 

18. Connect both water and air tubes of probe to the volumeter. 

19. Place probe inside Bx casing (or Nx if using Nx probe). 

20. Close air release valve. 

21. Place directional valve (1) and water valve on "Test". 

fie SPUD IV 40 =-50 5.5 21. 

23. When volume reading is steady, bleed water off by turning 
water valve to "bleed" until a reading of 225 is indicated 
(or 462 when using an Nx probe. In this case do not omit 
changing the graduated ruler). Steps 19 to 23 serve to 
initialize the volume reading of the manometer so that 
volume may be read directly off the araduated ruler. 

24. Depressurize system as per step 16. 

The probe and pressure-volumeter are now ready for testing. 
The borehole becomes the next concern and the manner in which it 


is made is very important. 
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The ideal borehole is one in which the axis is straight, the 
diameter is constant and the soil is undisturbed. 

At borehole CHI the 3 inch diameter hole was advanced rapidly 
using an auger. The soil was overconsolidated till, the hole was dry 
and the pressuremeter time-volume curves were definitive. 

Borehole CN] was advanced as rapidly as possible using a 3 inch 
diameter wing bit. Wet drilling procedure was used and the soil was 
till, sand and shale. The sand and shale gave good volume-time curves 
that improved with depth but the curves for the till were inferior. 
This may have been due to the method of drilling. The till contained 
much sand and qravel, impeding the rate of drilling thus allowing 
greater opportunity for scouring to occur. 

Borehole AGT] was advanced through shale using a 3 inch diameter 
wing bit and gave very good volume-time curves that improved greatly 
with depth. 

It would appear that in a uniform material like sand and shale, 
wet drilling at a high rate of advancement vroduces a good pressure- 
meter borehole. Experience in till would suggest that dry augering 
produces a superior hole in this soil. 

Fast rate of borehole advancement may tend to cause greater 
soil disturbance but serves to produce a geometrically superior hole 
by minimizing scour and vibration effects. 

When the borehole has been drilled the next item of importance 
is the pressuremeter test. If tests are to be made to depths greater 
than about 50 feet, the borehole must be filled with water. All the 
necessary steps involved in a typical pressuremeter test are outlined 


below in point form with details where applicable. 
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Set differential pressure 
a) For depths 0 - 20 feet 

- place directional valve (2) on "0.- 20" 

- close by-pass valve 

- open check valve 

b) For depths 20 - 50 feet 
- place directional valve (2) on "0 - 20" 
- open by-pass valve 

c) For depths greater than 50 feet 

- place directional valve (2) on "50 & over" 

- close by-pass valve 

- close check valve 

- load the pressure reduction valve (i.e. fully 
tighten the valve) 

- disconnect the air line 

- place water valve on closed 

- place directional valve (1) on "Test" 

- pressurize the system through the regulator 
to a pressure greater than the desired pressure 
differential. Only the gas phase will pressure 
up with the pressure level being indicated on the 
gas phase pressure gauge. 

- unload the pressure reduction valve until the water 
pressure gauge indicates the proper reduced pressure 
valve 

~ shut off regulator 


~ open air release valve 
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- reconnect air line 
Close air release valve 
Place water valve on "Test" 
Grease probe - this is necessary in order to keep the outer 
membrane from pulling out at the lower end when inserting 
the probe into the hole. Although the wing bit diameter 
was 1/16 inch greater than the probe it was nearly always 
necessary to force the probe into the hole. Often several 
hundred pounds force was necessary and if the probe was 
not greased problems developed. 
Lower probe to desired elevation - the drill rig is used for 
this operation with "A" rod used to lower the probe. It is 
important to keep the coaxial line taut to prevent tangling 
and line damage. 
Open regulator until the gas phase pressure is approximately 
15 p.s.i. greater than the hydrostatic head at test elevation. 
The water pressure will track at the preset pressure differ- 
ential. This excess pressure is necessary for seating the 
probe. 


Allow several minutes for the probe to establish equilibrium. 


Close water valve and note initial pressure and volume readings. 


Apply pressure increment through regulator. 

Turn water valve to "Test" starting the clock simultaneously. 
Take time-volume readings until change in volume with respect 
to time becomes constant. Typical examples are contained in 

Appendix A. When volume changes resulting from pressure 


increments are too small to be read adequately, the sensitivity 
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of the instrument can be increased 64 times by closing the 
tap at the bottom of the sight-glass. In this case only the 
liquid within the sight-glass is injected into the probe. 
Each millimeter on the scale ruler represents 1/32 of a cubic 
centimeter as against 2 cubic centimeters when the top is 
open. 

Repeat operations 8 to 11 about 6 times over the predetermined 
stress range or until volume change becomes excessive. Plot 
at least the first two time-volume curves of the test to 
establish a reasonable amount of time to allow for each 
pressure increment. Large pressure increments should be 
avoided in softer material if a well defined pseudo-elastic 
range is to be obtained. About 1 hour per test can be 
anticipated at first. Once the behavior of the soil has been 
established four pressure increments at the proper stress 
level are all that are required for the determination of 
modulus of deforamtion. This will decrease the time to 35 
minutes per test. 

Close off pressure from regulator. 

If an unload curve is desired, decrease system pressure in 
increments using the air release valve, taking readings 
according to steps 8, 10 and 11. 

Lower system pressure by opening the air release valve to 

a value lower than the failure load. 

Set directional valve (1) to "deflate central cell". 

When all the water has returned open the release valve to 


depressurize the system. 
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18. Remove probe from the advanced 3 inch diameter hole at a slow 
rate keeping the coaxial line taut. 

The test now completed the hole is advanced to the next test 
elevation. 

It would be desirable to perform several if not all the pressure- 
meter tests required in a given borehole in one sequence of tests. From 
the detailed time sheets maintained by Artesia Drilling Ltd. a saving 
of about 33% (per 100 ft. depth with 10 ft. testing intervals) with 
respect to total time and about 60% with respect to drill time could 
be realized by first drilling the entire hole and then performing 
the entire sequence of pressuremeter tests. The saving in drill time 
is based on the supposition that the drill rig is employed only to 
drill the hole and not to handle the probe and that the hole will 
remain open. The probe could be handled by hand if a larger hole 
could be tolerated by the probe. A probe with expandable washers would 
satisfy this requirement. 

A model attempt to do this by advancing the 3 inch hole 20 feet 
resulted in a borehole that was too large for the first 6 feet and too 
small for the last 6 feet. As you advance a borehole using wet drilling 
procedures the upper part of the hole is subjected to vibration effects 
of the drill stem and longer periods of scour. Increasing the rate of 
drilling excessively with depth, to reduce scour time in the upper 
region of the hole, results in greater vibration effects and a hole that 
is too small at the bottom. A solution might be to use air drilling and 
a probe similar to that described in Fig. 3.3. The present probe is too 
sensitive to borehole diameter but expandable washers should decrease 


this sensitivity. 
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3.4 Data Analysis 


In the pressuremeter test the modulus of deformation is deter- 
mined from the relationship between the pressure increments and the 
corresponding volume change measurements. Fig 3.4 shows a complete 
volume-pressure curve for the pressuremeter test. It is the typical 
representation of scil behavior under the influence of the cylindrical 
stress field of the probe. 

A value of Ko is theoretically derivable from the "lead-in" 
phase if this portion of the curve reflects only the restoration of 
lateral in situ stresses. Due to disturbance effects and water 
softening at the borehole face, the point where the "lead-in" phase 
ends and the pseudo-elastic phase begins is not definite, thereby intro- 
ducing uncertainty into Ko evaluations. 

An approach to the pressuremeter test from the point of view of 
determination of undrained strength is given by Menard (1964) in which 
a formula is given for the determination of undrained strength based 
on the plastic limit - Pu (Fig. 3.4). 

Only the pseudo-elastic linear portion of the curve was of 
importance to the problems of this thesis and therefore the tests were 
terminated within this pressure range. 

The formula for deformation modulus developed by Gibson and 


Anderson (1961) was used in this thesis in the form: 


E= 2Vo (1 -m)AP , ae:k 
AV 


where Vo = vol. at measuring cell at the beginning 
of the pseudo-elastic phase, 


Poisson's ratio, 
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and AP/AV = slope of curve in pseudo-elastic phase 

where AV is the corrected volume change 
corresponding to AP. 

Pressure reduction at the probe due to friction loss in the 
water line under flow conditions, plus the amount of pressure required 
to increase the measuring cell by AV due to the resistance of the probe 
alone, comprise the correction factors that can be applied to the pressure 
increment AP in equation 3.1. These corrections were very small for 
the flow rates and volume changes encountered and were thus neglected. 

Volume change measured is the sum of the volume increases due to: 
elastic response of the soil; compliance of the pressuremeter:; and 
apparent compressibility based on imperfect probe contact with the 
borehole wall (also referred to as surface roughness effect). 

The volume change due to the elastic response of the soil is the 
desired quantity and is determined from the measured volume change by 
subtracting compliance and surface roughness effects. 

Compliance is a measure of the stiffness of the system and 
includes: compressibility of the membranes which tend to be a function 
of the pressure and volume of the measuring cell; compressibility of 
the water; and the expansion of the water lines and reservoir. The 
error in volume measurement due to compliance is measured by performing 
a pressuremeter test inside a steel casing. Pressure-volume readings 
are taken from which the volume change due to compliance for any pressure 
increment at any pressure level can be determined. Tests inside casings 
of different diameters showed no detectable volume dependence. The 
pressure-volume curve for complaince is illustrated schematically in 


Fig. 3.4 and in respect to the slope of the average pressuremeter test 


is observed to be of negligible contribution. Compliance error of course 
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in importance with soil stiffness. 

Error due to surface roughness was assumed to be eliminated in 
the “seating-in" phase. 

A typical volume-time curve (corresponding to a given pressure 
increment) from which AV and Te, the elastic time interval, is obtained 
is given in Fig. 3.5. The method of determining Te and consequently 
AV as indicated in Fig. 3.5 was chosen with the idea that the initial 
linear portion of this curve represented the elastic soil response. It 
is interesting to note that this method of producing tangent lines as 
opposed to arbitrary selection of Te and AV gave the best linearity 
in the pseudo-elastic stress range of the volume-pressure curves for 
pressuremeter tests in which both AV selection techniques were used. 

Ideally volume change with time should have decreased to zero 
upon completion of the elastic response. There was a tendency for 
this to occur with depth as the shale became stiffer and the permea- 
bility decreased. Figs. 4.3 and 4.4 show the relative pronouncement 
of this "creep-like" phenomenon as a function of soil type and depth. 
It is the author's opinion that consolidation effects, plastic movement 
of the softened soil at the borehole surface, and variable diameter of 
the borehole due to sluffing are the main contributors to this behavior. 

Prior to field use of the pressuremeter, a calibration test was 
performed to assist in the interpretation of the field results. 

A sand-cement mixture consisting of 8% cement, 10% water and 82% sand by 
weight was prepared from which a thick-walled cylinder and 5 six- 
inch standard concrete cylinder specimens were cast. The thick- 
walled cylinder was 3 feet high with inside diameter of 3 inches and 


outside diameter of 30 inches. Density control was maintained by a 
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fixed number of blows per area and the mixture was applied in 3 inch 
layers. The blows were administered by hand using a 2 x 4 with the 
intensity and distribution controlled by the operator's judgment. 
Density tests, using a mercury immersion technique, were later performed 
revealing a 3% greater average density of the cylinder samples than the 
test sample. 

Taking Poisson's ratio equal to 0.3 the pressuremeter test gave 
a deformation modulus value of 548,000 p.s.i. The average secant 
modulus from the unconfined compression tests at 40% ultimate load for 
the 5 cylinder specimens was 555,000 p.s.i. 

This result is reassuring but of course cannot be used as con- 


clusive evidence of the accuracy of the pressuremeter test. 


3.5 Summary 


The pressuremeter probe in its present form requires water in 
the borehole for testing below about 25 feet. The probe also cannot 
tolerate a borehole diameter greater than about 3.25 inches. These 
requirements result in drilling and testing procedures that are from 33% 
to 60% more expensive than what could be realized by a more versatile 
probe. 

A possible design solution to this problem is suggested. The 
main components of the design charge are: expandable end washers for 
the measuring cell which would allow greater tolerance to variations 
in borehole diameter; a system of water control valves stationed 
within the probe to permit dry hole testing; and a 4 inch diameter 
dimension to accommodate existing drilling facilities in the Edmonton 


area. 
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The actual operation of the pressuremeter is relatively simple 
but common errors can be made by the novice and therefore strict 
adherence to the outlined procedure should be maintained for the 
first few tests. 

It is important to plot the test results immediately after they 
are obtained to serve as a guide for subsequent tests with respect to 
pressure range required and most of all to the degree to which the 
test is measuring the intended parameter. 

Analysis of pressuremeter data, from the point of deformation 
modulus determination, amounts to selecting AV values from the volume- 
time curves and applying correction factors when applicable; selecting 


a Poisson's ratio; and solving equation 3.1. 
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CHAPTER IV 


FOUNDATION INVESTIGATION AT THE CANADIAN NATIONAL (CN) AND 
THE ALBERTA GOVERNMENT TELEPHONES (AGT) TOWERS 


4.1 Introduction 

In order to determine the suitability of the pressuremeter for 
predicting elastic deformations it is desirable to have well monitored field 
cases against which one can compare results. 

DeJong (1971) in the development of his Ph. D. thesis had collected 
a large amount of valuable data on the load settlement behavior of the CN, 
AGT, Avord Arms and Oxford Towers. Settlement at the CN tower and heave in 
the AGT excavation were selected for pressuremeter studies. The selection 
was based upon completeness of necessary data and the relative ease of the 
required analyses. 

Figs. 4.1 and 4.2 give the locations of the CN tower and AGT 
excavation in the downtown Edmonton area. Also shown are the locations of 
the respective boreholes used in the foundation investigation. 

The highly overconsolidated nature of the bedrock in the area is 
well adapted to pressuremeter prediction of foundation behavior since the 
deformation encountered is composed largely of immediate response to loading. 

An understanding of the geology of the foundation is desirable in 
any geotechnical investigation and so a brief account has been given. 

The rest of the chapter deals with the pressuremeter and laboratory 


testing results of the investigation. 


4.2 Geology 


Four distinct geological deposits constitute the zone of concern 


with respect to elastic foundation behavior of structures constructed in 
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FIG. 4.1 LOCATION OF CN TOWER, PREVIOUS TESTHOLES, AND 


BOREHOLES CN1 AND CN2 ( AFTER DEJONG, 1971 ) 





WA. o 


awor | ~~ 
‘| tm os 
~ 241 yigssong “# Mao shel ai 


i a —— — 
U . é 





42 


( [Z6T ‘ONOC3A 


TWNOISNSWIG-OML YO4 SAXV ‘NOILVAVOXS YAMOL LOY 40 NOILVIOT 2° “DIS 


T#S LXV 


pun 


Fee 
((shesois z)) 
| xeuuy | 
L Fav d 


— — = = 





€ # VowYyoue 





|P4°H 
pjpuopoow 








= 4881S 0OL ———- 


(skesois 92} | 
puping 


eupiing 7) : 











Ne ene ee et es ee 


Jayawluad 
UOLZLACIXA 


in 


C#SLXY 





Yaldv ) 2L9V ONY TLOY SA TOHSYOd ONY SASATWNY 








| # Js0WYyIueg 
deeg 


e6ps06 Bulyiog 
OsBsepun jo ounce 












4 sA@104S 


ve) 
“iii 
40MO] Yy 








No 
<< 
N 
' 
i 
! 
1 
| 
! 
1 
1 
1 
! 
! 
] 
4 
Mire LOTT LOI a ae 





a 


xeuuy 






| 
| 


enusay sedsor¢ | 


f; nie 









— —— ~——t 


- 
ee 
-———-= 


———- ——— 100 2108) —~ 


TketxA 


JAMOT2M3MIQ-OWT AOI 23XA ,MOTTAVASX3 A3WOT TOA 90 MOTTAION 
( $8@f .aMOL30 AATIA } STAA GMA [TBA 23J0N3ROS GMA 232VJARA 


43 


the downtown Edmonton area. The deposits in descending order of deposition 
and ascending order of importance in their contribution to the elastic 
deformations in the cases studied are: lacustrine clay; till; sand and 
gravel; and bedrock. 

The lacustrine clay varies in thickness but is about 16 to 20 feet 
deep increasing in silt content with depth, typical of proglacial lake 
deposits. 

Westgate (1969) reports the existence of two distinct till sheets 
of Wisconsin age, with pebble orientation being the main identifying feature. 
Both till sheets, though separated by a thin sand deposit, contain a wide 
range of stone sizes, coal and iron deposits, and sand lense inclusions 
all in a sandy-silty clay matrix. The till is extensively fissured and on 
average about 30 feet deep. 

The sands are medium to fine grained, deposited as a result of 
erosion cycles. They are dense deposits ranging in depth from about 3 to 
at least 40 feet. 

The bedrock is the most important foundation component from the 
viewpoint of this thesis in that it constitutes the deepest deposit and 
contains the deformation properties that determine to the largest degree 
the final magnitude of elastic deformation. 

The bedrock, known as the Edmonton formation, is composed of 
interbedded bentonitic mudstones (shales), and silty sandstones with 
occasional seams of chert and lignite coal. The shales are a laminated 
sediment composed primarily of clay-size particles, with laminations that 
are inclined at about 8° to the horizontal at the AGT and CN Tower sites. 
The Edmonton formation was formed in a non-marine environment during the Upver 


Cretaceous Period and is in the order of 1600 feet deep in the Edmonton 
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area (Ower, 1958). 

The source of much of the non-precipitated material brought into 
the marine basins throughout most of the Upper Cretaceous Period is believed 
to have been the rising Rocky Mountain region. The location of the western 
shoreline with the rising land area fluctuated widely throughout this 
period, as a reflection of crustal movement. This condition led to the 
intertonguing of the predominantly argillaceous marine and arenaceous or 
clastic non-marine sediments, common to the Alberta and Saskatchewan 
sequences. Swamp, lake and lagoonal conditions were frequently developed 
along the unstable shoreline, resulting in organic rich bands and coal 
seams within the non-marine deposits. 

Due to volcanic activity in the source area (Rocky Mountains), 
the depositional basins received much volcanic material in addition to 
the normal weathering products of sedimentary rocks. The main vehicle 
of deposition of the volcanic debris was the normal erosional-transport- 
ational weathering cycle but occasionally there were deposits made 
directly by air that resulted in distinct bentonite layers. With less 
rapid arrival of volcanic dust or in regions of more active normal sed- 
imentation, the bentonite occurs in varying concentration, diffused through- 
out the shale. 

These sediments were subsequently subjected to loads of from 1200 
to 2500 feet of overburden before the Pleistocene Age of glacial activity. 
As a result the shales are presently in a heavily overconsolidated state 
and Ko values greater than 1 can be expected to exist away from river 
valleys. 

Upon erosion the high in situ lateral stresses may have been 


relieved near the surface once erosion had progressed sufficiently to cause 
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passive failure, however there is no evidence that this has occurred. 
Some lateral stress relief in the upper 200 feet of the Edmonton formation 
in the downtown area of Edmonton however will have occurred as a result 


of downcutting of the North Saskatchewan River. 


4.3 Pressuremeter Testing at the CN and AGT Towers 
Boreholes CN2 and AGT2 (Figs. 4.1 and 4.2) served as a recon- 


naissance of the zone of concern, as well as providing samples. The 
pressuremeter explorations were based upon the stratigraphic information 
from these boreholes. 

Pressuremeter investigation of the CN and AGT Tower foundations 
was Carried out in boreholes CN] and AGT] respectively. The pressure- 
meter tests in till at the CN site were substituted for by pressuremeter 
tests made in the till at borehole CH] due to greater confidence in 
results. 

Figs. 4.1 and 4.2 show the location of CN1l and AGT], in relation 
to the respective foundations they represent. CH] is located at 100 St. - 
102A Ave. about 1000 feet due south of CN1. 

CN] and AGT1 were drilled by Artesia Drilling Ltd. of Edmonton 
using a Failing 1500 rig. The rig was capable of dry drilling using air 
circulation but the probe required water in the borehole in order to 
function so water circulation was used. 

To achieve the borehole specifications described in Chapter 3 for 
the pressuremeter test, the borehole was first sunk to a depth about 
4 feet above test elevation using a 7 inch diameter cone bit. The 3 inch 
diameter borehole was then advanced 7 feet using the specially prepared 


wing bit in the manner previously discussed. The probe was then lowered 
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into the borehole on "A'-rod usually achieving a good tight fit about 
4.5 feet into the 3 inch diameter hole. Upon completion of the test the 
probe was withdrawn and the preparation cycle was repeated extending the 
borehole down to the next test elevation. 

CH1 was prepared to a depth of 53 feet (bottom of the till sheet) 
by Mobile Augers Ltd., Edmonton. Ten inch diameter hollow stem, con- 
tinuous flight augers were used for the primary drilling and a 3 inch 
diameter auger, lowered down the hollow stem of the larger auger, pro- 
duced the test section of the borehole. 

Test elevations were selected from the soil profiles obtained 
from the logs of boreholes CN2 and AGT2, with the object of obtaining 
at least one pressuremeter test in each distinct soil strata. 

From the pressuremeter tests performed, at the three described 
locations, representative volume-time curves were prepared to determine 
the appropriate elastic time interval (Te) and consequently the elastic 
volume change AV associated with each pressure increment of each par- 
ticular test. 

The volume-time curves and their related volume-pressure diagrams, 
from which Eig calculated, for boreholes CN], CH] and AGT] are contained 
in Appendices A, B and C respectively. The relevant data and calculated 
E values from these Appendices are tabulated in Tables 4.1, 4.2 and 4.3. 

Probably the most important result was the magnitude of the 
measured E values. They averaged nearly an order of magnitude greater 
than the UU triaxial results, measured on similar material sampled with 
the Pitcher sampler. In the case of the sand the best pressuremeter 
results were about 100% greater than the block sample moduli reported 


by DeJong (1971). This difference in modulus between laboratory and in 
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SOIL STRATA, SAMPLE TYPICAL PRESSUREMETER DERIVED 
DESCRIPTION AND PRESSUREMETER VOL.-TIME DEFORMATION MODULI 
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Situ measurement was encouraging on the basis that it represented approx- 
imately the calculated to observed settlement ratio of the two towers. 
Furthermore the magnitude of the pressuremeter derived moduli in the 
shale was of the same order as that reported by Underwood et al., (1964) 
from field rebound measurements on the similar Pierre Shales at the Oahe 
Dam site. 

It is now generally believed that a uniform soil deposit exhibits 
an increased stiffness with depth. The pressuremeter results supported 
this hypothesis at both tower locations upon encountering intact bedrock 
(shale) deposits. The phenomenon began at about the 110 foot depth at 
both towers (Fias. 4.3 and 4.4) increasing at approximately the same 
average rate of 1400 p.s.i. per foot increase in depth. This result is 
most important in that it does not depend upon the ability of the pressure- 
meter to accurately determine the deformation modulus but instead on the 
reproducibility of the test. The accuracy of this modulus gradient is 
further supported by the increased confidence with which the elastic 
portion of the volume-time curves could be selected from the tests per- 
formed in both CN1 and AGTI below 100 foot depths. 

It is interesting to note from Fig. 4.4 that the moduli obtained 
from the pressuremeter tests in fractured shale is constant with depth 
and the corresponding volume-time curves do not have a well defined Te 
value. This behavior would suggest that the load-deformation behavior 
in the fractured shale is controlled essentially by its fissured structure. 

The pressuremeter tests in sand at the CN tower produced moduli 
ranging from 8,700 - 35,500 p.s.i. Since there was no observable cement- 
ation in the sand encountered between the 30 - 100 foot depth at this 


location it was reasoned that the modulus value should be a function 
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mainly of the confining pressure. The stress history of the sand which 
included high compressive stressing should have produced a deposit of 
fairly uniform density that probably also contains residual stresses. 

It was therefore assumed that E should have been essentially constant 

or increased somewhat with depth and since it did not, one can assume 
that the test sections produced were of varying degrees of inadequacy 
with respect to probe requirements. Any amount of imperfection of the 
borehole should result in a reduction in measured moduli and therefore 
the largest value measured was the one considered most representative of 
the true sand modulus. 

The volume-time curves (Appendix A) lend support to the decision 
to disregard the low sand modulus values. 

The non-definitive nature of the volume-time curves for the til] 
deposits at the CN tower prompted the substitution of those obtained in 
CH1. Of the till moduli only the high values were accepted for the 
same reasons as outlined in the selection of the sand moduli. 

It was observed without exception that if the pressuremeter bore- 
hole was tight and the probe had to be forced into position, the volume- 
time curves of the test were well defined with respect to location of 
Te and the volume-pressure curves were linear. This tolerance requirement 
is a currently unfortunate necessity arising from the inadequate design 
of the measuring cell of the probe. Fig. 3.3 contains a possible remedial 
design. 

An economical consequence of the pressuremeter tests is that the 
duration for which each volume-time curve is taken does not appreciably 
affect the shape or AV value of subsequent curves of the particular test. 


It is therefore unnecessary in principle to carry each volume-time curve 
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beyond Te. Since Te varies slightly with pressure level and pressure 
increment magnitude it would be wise to carry each volume time curve 
about 1 minute beyond the Te duration established earlier in the test. 

It is extremely important, particularly in stiff soils, to take 
many volume-time readings in the first 60 seconds of each pressure 
increment as it is during this time interval that Te will be located. 

Chapter III contains rules that should be observed in performing 
the pressuremeter test. An infraction of one of these rules is evident 
in the volume-time curves at the 52 foot test depth of CN] (Appendix A). 
The curves demonstrate the result of not maintaining a measuring cell 
pressure at least 10 p.s.i. greater than the guard cell pressure. 

About 1.3 hours was required to perform each complete pressure- 
meter test and this includes actual test and calculation time. The 
test time can be reduced according to the procedure outlined above but 
calculation time will remain at about 20 minutes per test. 

The average drilling costs per pressuremeter test for the CN and 
AGT projects was $110. This cost includes the drilling of the borehole 
@ $24 per hour and the handling of the pressure probe @ $16 per hour. 
Material costs such as bits, drilling mud and damaged casing was extra. 
Also not included are the pressuremeter operator's wage. 

This cost is very high in relation to the total cost per pressure- 
meter test of about $50 that was reported by Calhoon (1972). Although 
drilling effort increased with the depth of the borehole, the method 
with which the borehole had to be advanced generated most of the inflated 
cost. The proposed probe design and testing procedure discussed in 
Chapter III should yield at least a 50% reduction in cost per test. 


Pitcher samples were taken from boreholes CN2 and AGT2 at 
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approximately the same depths at which the pressuremeter tests were 
performed (Figs. 4.3 and 4.4). The average drilling costs per Pitcher 
sample obtained was $100. An additional cost of about $30 per laboratory 
test would be necessary thereby bringing the cost of each modulus of 
deformation value to $130 before consideration of the technician's wage 
during the drilling and sampling stage of the investigation. 

Of the samples obtained from boreholes CN2 and AGT2 only those 
taken from the intact bedrock and about 30% of those taken from the till 
were suitable for triaxial testing. Test specimens could not be pre- 
pared from the sand, sandy till or fractured shale samples. Had sampling 
and laboratory testing been the prime method of these investigations ad- 
ditional boreholes would have been necessary in order to obtain an 
acceptable number of moduli to perform the deformation analyses. 

The costs incurred in the pressuremeter investigation are quite 
acceptable when compared to that of an equivalent investigation in which 
Pitcher sampling followed by conventional laboratory testing is carried 
out. Further desirability of a pressuremeter investigation over con- 
ventional methods arises when considering the low degree of confidence 
associated with the deformation moduli obtained from conventional labor- 
atory tests. 

4.4 Laboratory Test Results 

Borehole CN2 and AGT2 (Figs. 4.1 and 4.2) were drilled by Artesia 
Drilling Ltd. using a Failing 1500 rig and wet drilling procedure. The 
purposes for the CN2 and AGT2 were to accurately determine the foundation 
strata for pressuremeter testing and to obtain samples for comparative 
laboratory testing. It was deemed prudent to locate the boreholes close 


enough to the towers to be representative of the actual foundation strata 
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but not so close that that the tower loads may have altered the geo- 
technical properties of the soil. The final location was a matter of 
convenience and the depth of investigation was mainly an economic 
decision. 

4.5 inch diameter samples, three feet long were retrieved with 
the University of Alberta modified Pitcher sampler. 

The intention was to secure from each strata representative, 
intact relatively undistrubed samples, suitable for triaxial testing. 
Figs. 4.3 and 4.4 report the depth and soil type in which sampling 
Success was encountered. 

The main problems in sampling were those of recovery and sample 
disturbance arising from secondary design inadequacies. 

Of 8 sampling attempts in till only 2 resulted in any recovery. 
In sand there was a 20% recovery and in shale and siltstone there was 
60% recovery. 

The rock contained in the till deterred sampling by crimping the 
cutting edge of the sample tube sometimes preventing further advancement 
but more often resulting in no recovery or recovery of only small damaged 
samples. Success in the Pitcher sampling of sand was not anticipated 
and that achieved was due to the presence of thin clay seams. Recovery 
in the bedrock was initially about 40% due to insufficient expansion 
upon stress relief. This was accommodated for by later use of sample 
tubes with smaller inside clearances. Subsequent zero recovery was 
attributed to cutting edge damage of the sample tube upon encountering 
bedrock of excessive induration. 

Secondary design inadequacies augmented the low core recovery. 


Several cores recovered were of uneven cross-section suggesting rotation 
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FIG. 4.5 STRESS PATHS USED IN TRIAXIAL TESTING FOR 
DEFORMATION MODULUS ON AGT1 SAMPLES 
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of the sample tube and all samples had been fully exposed to drill 
Fluid. 

Of the samples obtained only the AGT2 samples taken from depths 
73 to 151 feet inclusive have been subjected to partial laboratory testing. 

The soil samples tested were prepared in the sample storage room 
which maintains a near saturated atmosphere at 40° F. The triaxial 
Specimen were vertically oriented and the type of test indicated pertains 
to the corresponding stress-path indicated in Fig. 4.5. 

The geotechnical properties obtained from the samples in question 
are given in Table 4.4 and have been supplemented by relevant data 
reported by DeJong (1971). 

The 4-inch diameter triaxial samples were loaded isotropically under 
zero drainage to their estimated in situ overburden pressure. The 
samples were not consolidated to avoid a change in moisture content. 

The isotropic loading was held for about 4 hours at which time volume 
change had essentially ceased and the deviator stress was applied under 
undrained conditions. 

The tests were stress controlled in which the axial stress was 
determined by a load cell, and the lateral stress was supplied by an 
air pressure source acting on a water reservoir which was in connection 
with the cell. Axial deformation was measured by a .0001 inch dial 
gauge and volume change of the sample under zero drainage was determined 
with a burette. 

On the basis of the limited test data available, the following 
results appear evident. 

a) Anisotropically consolidated undrained (CAU) tests per- 


formed on block samples of sand give E values slightly less 
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than pressuremeter moduli obtained in sand (for 

Ko = .37) but the variation in E with Ko from the 
CAU tests and the confidence with which one is able 
to select Ko makes it difficult to compare the two 
results decisively. 

b) Deformation moduli measured on Pitcher samples vary 
appreciably depending on the type of test and the 
stress path taken to failure but all have the common 
characteristic of being 1/5 to 1/7 the magnitude of 
the deformation moduli obtained from the pressure- 
meter tests. 

c) From the degree of saturation measurements the water 
table would appear to be near the 150 foot depth 


elevation. 


4.5 Summary 
The AGT and CN towers are located on the north side of the North 


Saskatchewan River in downtown Edmonton. The AGT tower is located 
about 200 feet away from the river bank whereas the CN tower is situated 
about 1/2 mile north of the AGT tower at approximately the same ground 
elevation. 

Similar soil profiles exist at both towers with local differences 
with respect to depth of individual deposit. 

The stratigraphic sequence in descending order consists of: silty 
lacustrine clay; sandy till containing sand lenses; medium to fine 
grained sand underlain by several feet of gravel; and interbedded 


bentonitic mustones (shale) and silty sandstones with occasional seams 
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of chert and lignite coal. Borehole logs taken in the river valley 
about 180 feet below and 1/2 mile south of the AGT tower indicate 
similar bedrock composition (Matheson, 1972). 

The foundation investigation of the two towers consisted of in 
situ pressuremeter testing for deformation modulus and to a lesser 
extent laboratory testing on soil specimen obtained with the Pitcher sampler. 

Two boreholes were drilled near each tower location, one used for 
sampling and logging strata and the other used for pressuremeter testing. 

Significant information both in regard to moduli measured and 
pressuremeter test behavior, originated from the pressuremeter invest- 
igations and are listed below. 

a) The magnitude of the pressuremeter derived moduli was 

much greater than the comparable laboratory values 
reported by DeJong (1971) in his investigation of the 
two tower foundations, the difference approaching an 
order of magnitude. 

b) Upon encountering intact bedrock the pressuremeter obtained 

moduli showed a definite dependence on confining pressure. 
The deformation modulus increased with depth at approx- 
imately the same rate for the two sites investigated. 
Insufficient tests were performed to accurately establish 
the nature of the modulus gradient and therefore a linear 
variation was assumed in the analyses of the CN Tower 
foundation (Fig. 4.3). The moduli obtained at the AGT 
Tower was better suited for a non-linear extrapolation 

of E with depth (Fig. 4.4, modulus extrapolation slope 

(b) ) than those obtained at the CN Tower and therefore 
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both linear and non-linear increase in E with 

depth was considered in the heave analyses. 
Pressuremeter tests in the fractured shale at the AGT 
Tower site indicated the anticipated macrostructural control 
of the deformation modulus. The volume-time curves showed 
elastic-plastic like behavior at low stress levels which 
can readily be explained in terms of deformation response 
to changes in applied stress resulting from the closing 

of fissures. 

In pressuremeter testing of easily disturbed soils, if the 
deposit is known to be relatively homogeneous, then it may 
be acceptable policy to regard only the highest measured 

E values as being representative of the in situ stiffness 
of the soil. Attention must be given to the possibility 
of increasing modulus with depth and the acceptability 

of the volume-time curves from which the respective moduli 
were calculated before making the decision of acceptance 
or rejection of modulus values. 

There appears to be no need in performing volume-time 
measurements beyond Te for each pressure increment but 
many readings should be taken during the first 60 seconds 
of each pressure increment. 

Due to probe design inadequacies that required time con- 
suming drilling procedures, the cost per pressuremeter test 
was excessive, however when compared to a conventional 
investigation involving sampling and laboratory testing, 


the cost per pressuremeter test becomes attractive. 






\ 
s 


dttw 3 0F sasoroni asst -non brs sant h itod — a 
aaevTens ovesd ond nF bsvabtanoo asw ditqab : idee is 


TDA ont $6 alate bowdsosy? sit nt atest *etememiedeyT (> 9% 1g : 
fovtnon Tsrwtoutcorsem betsqratins ant batsotbat tte vewoT | ; 
bawole 2avius SmFs-omutov oT -. eufubom nottemtotebh sit to ‘ va 
dotiw efavel zeevte wot ts votvered odtf shheslq-ottests Vr 
gandges) notismyotsh to amyst nt bentsiqxs ad yf tbat aso ‘ 


onteofs ont movt entifuesy eearte bofiqgs nf zapnsda oF 
esw2ett to | 
SAF AT ,2ftoe badwt2tb yftess to pnttess yvstamsweesq al (b 


yon +t medt ,2u0snepomond ylavitslsy 9d oF nwana ef Srz0qeb 


ie) ee. 


bayw2eam dzorptd sad yfno baspoy of yotloq sfdesqeoss 9d 
2eonttite utte af oft to ovisetiseovqet onfted 26 2oulev 9 
ust itdt22oq srt of mevto od seum notinassA’ .Proe Sat Fo 
vii Pdstasoos ont baa Adqob nttw eulubom pnfessiant Fo 
tfubom svivasq2et sit daidw moyt eoviwwo sufd-snpfov sat To 
sonssqs2o5 to norerosb aft phism sioted batsfuolss saw 
| .eoulsy aufubom Yo motisstet ‘to : 
gmtd~smulov patmryotieg nf? basn on sd.oF exs9ng6 srsnfT (9 y 

dud Semen siw2esiq oss Ov sT baoyed etnamaiuessm | 





Sonning 4 8 rope — 
eee rae ee | _ | 





gq) Limited laboratory results indicate that deformation 
modulus is sensitive to the stress path taken to 
failure. However it appears that regardless of the 
stress path taken, the initial tangent modulus will 


be low by a factor of from 5 to 7. 
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CHAPTER V 


FINITE ELEMENT ANALYSIS OF DEFORMATION AT THE CANADIAN 
NATIONAL (CN) AND THE ALBERTA GOVERNMENT TELEPHONES 
(AGT) TOWERS 


5.1 Introduction 

The soil stratigraphy underlying the AGT and CN towers is 
diversified due to depositional history and anisotropic due to pre- 
consolidation. 

The bedding of the soil strata in the upper 140 feet at the AGT 
site is shown in Fig. 5.2 for the section and corresponding boreholes 
indicated in Fig. 5.1. The bedding is observed to be fairly level 
under the excavation site and has been assumed to remain so for a 
radial distance of up to 900 feet. 

Soil stratigraphy below the CN tower as reported by DeJong 
(1971), for the five testholes indicated in Fig. 4.1, is also suf- 
ficiently uniform in elevation to give little error if assumed level 
in the foundation analysis. Testhole, CN2, (Fig. 4.1) lends further 
support to the assumed zero degree inclination of the strata and 
again this condition is assumed to exist for a 900 ft. radial distance 
from the center of the foundation area. 

The soil below the depth investigated by boreholes CN2 and AGT2 
was assumed to be shale and this seems to agree favorably with borehole 
results reported by Matheson (1972) at the James MacDonald Bridge site 
on the North Saskatchewan River about 1/2 mile from the AGT site. 

The complex nature of the soil below both towers necessitated 


the use of the finite element technique for the foundation deformation 
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FIG. 5.1 LOCATION OF BOREHOLES AND STRATIGRAPHIC SECTION 


- AGT TOWER ( FROM DEJONG, 1971 ) 
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analyses. 


Settlement analysis was performed on the CN foundation and heave 
analysis was carried out for the AGT excavation. 

Foundation loading and settlement data for the CN tower and the 
excavation unloading and heave data for the AGT site are those given 
by DeJong (1971). 

Deformation moduli used were those determined from pressuremeter 
tests performed in boreholes CN], AGT1, and CH1. Moduli for depths 
greater than boreholes CN1 and AGTI were based on extrapolation of the 


modulus values obtained in the respective boreholes. 


5.2 Finite Element Approach 


Two and three-dimensional finite element analyses based on 
linear elasticity were used for the foundation settlement predictions 
of the CN Tower. The three-dimensional analysis was performed to ensure 
that the plane strain assumptions of the two-dimensional analyses were 
sufficiently satisfied. 

Based on information obtained from the settlement analyses of the 
CN Tower, only two-dimensional (plane strain) analyses were used to 
predict base heave of the AGT Tower excavation. 

The two-dimensional finite element program used was a modified 
version of the constant strain triangular element developed by Wilson 
(1963). The modifications included element and node generation routines 
and direct solution of displacements through the use of Gaussian elim- 
ination. 

The three-dimensional finite element program used for verification 


was developed at the University of Alberta by A.V.G. Krishnayya and 





ayeor bné nottebnuot M2 edt no bomvotieq 26w 2tevisns topmeltie2 | 
.Hofssveoxs TOA ont Ot. halal jaa zew ete fens . 

ait bre vswot WO edt sot steb Inemoltse2 brs entbdor map asbnuot - 7 
nsvip szont avs St¢t2 TOA orld. rot sitsb Ssvaeq’ agi notssveoxs : 
ice iahae 

; 





yosemaiweestq moyt bonfnysteb szons 915w /beeu i idleaaee 
eftdash sot ffuboM .fHO bas , iTOA rd. 25] odevod nt Aen S 2dast 


ght to worttsfoqey3xs Ao bazsd syaw [TAA bie 8 asfarerod npet 1a359y0 
.esforisiod svttosqeer sit nt bantevia goutsy suioom 








i¥ 





no bazed eseylans tnsmalo otinit lsnojensmtb-aevt bab owt ~ 
enofsorbs1q Jnomalsiis2 norssbnuot sd wo? bseu 190 yitattesis ‘sont 
sju2ns ot bomrotisq 26w 2t2ylsné6 [snofenomth-osvis S@y saswoT WD ods to 
s19w 25ev lens Gisieetfeciemnt> td ait to 2enohtqmue2s nteise onsfq. odd dons 
| | .botrattes ylinatotttue 
eid to eseylsns tnomaltte2 sit moyvt bentsddo norte vii no beesd 
of beew staw 29eyl sins (ntsrd2*sapta) lenotens f sh we ino. yewoT: MI 
MOFS5Y5OXS WSWOT oA cor . 1 seed Sotbeng i 


92u m6 POT ane } 9 f nf a exnitt odT 
ie ria | 
ere ft ‘By ; 4 1 to 














68 


employed 8-node isoparametric hexahedral elements. The remarkable 
feature of this analysis is its facility to accommodate all the normal 
and shear stress components as they influence deformation. Its limiting 
feature is the great demand on computer storage and data preparation. 

In both the two and three-dimensional finite element analyses, 
each foundation stratum was assumed to be isotropic with respect to 
deformation properties. A value of E and pa was assigned to each grid 
layer of each stratum and as the result of the assumption of linear 
elasticity, deformations were calculated on the basis of change in 
stress without regard to stress level. A value of 0.4 was chosen for M 
because the upper region of the foundations was not fully saturated and 
the immediate deformations associated with a given load increment could 


not be determined precistly. 


5.3 Analysis of Foundation Settlement at the CN Tower 


Fig. 5.3 shows a plan view of the relative location of the spread 
footings with respect to the central mat footing of the CN foundation. 
These footings are founded at an average depth of 23 feet and the 
perimeter of the footing group describes a rectangle 158 feet long by 
110 feet wide. 

These dimensions were at first considered to be too small with 
respect to plane strain requirements and therefore a three-dimensional 
analysis was also performed to establish the relevance of two-dimensional 
analysis for loadings of this areal extent. 

The three-dimensional finite element gtid employed regular hexa- 
hedral elements, their number and relative dimensions and location con- 


trolled by the thickness of each soil strata, the location and extent of 
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FIG. 5.3 FOOTING PLAN OF CN TOWER SHOWING NET APPLIED 
DEAD LOADS WITH THEIR CORRESPONDING SETTLEMENTS 
PLUS THE SUPERIMPOSED LOADING SECTION OF THE 
THREE - DIMENSIONAL FINITE ELEMENT GRID IN THE 
SOUTH-WEST QUADRANT 
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loading area, and the storage capacity of the computer. The grid thus 
chosen is displayed in Fig. 5.4 and represents in perspective the south- 
west quadrant of the CN tower foundation. Its dimensions are 320 x 400 
by 363 feet deep. 

Fig. 5.5 shows a magnification of the loading area of the grid 
with the respective footings superimposed for the sake of delineation. 

The two-dimensional grid used in the plane strain comparative 
analysis was located at, and bounded by, the north face of the three- 
dimensional grid. The mesh, composed of triangular elements, had 
vertical dimensions that were controlled by the thickness of the 
foundation strata as in the three-dimensional grid but used 20 foot 
horizontal spacing to reduce errors arising from the use of disproportioned 
elements and to facilitate the node and element generation subroutines 
(Fig. 5.6). 

Another two-dimensional grid 720 feet wide by 1003 feet deep was 
used to ensure a more complete account of deformation. It served for 
comparison between the best available three-dimensional analysis for 
this type of problem (Clough, 1969). 

As important as the method of analysis is the accuracy of the 
input data, if there is to be confidence in the results. A critical 
examination of CN tower load deformation data is therefore necessary. 

At the CN tower the dead loads as usual were more precisely known 
than the live loads. There was a lack of initial settlement measure- 
ments as the settlement plugs could not be established until the footings 
had been constructed. It also was necessary to terminate settlement 
readings at 5 columns at the end of dead load application. Further no 


columns were instrumented for the purpose of measuring the load they 
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FIG. 5.5 LOADING SECTION OF THREE-DIMENSIONAL FINITE ELEMENT 
GRID WITH SUPERIMPOSED FOOTINGS - SOUTH-WEST QUADRANT 
OF CN TOWER FOUNDATION 
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carried (DeJong, 1971) and therefore the loads reported are those based 
on calculated dead weight that have not been modified for load transfer 
under differential settlement. 

With these facts in mind, as well as the symmetrical loading re- 
quirement of the finite element analysis, as much ambiguity as possible 
was eliminated from the load settlement data and analysis in terms of 
average net applied deadload was adopted. 

The assumption in the finite element analysis, is that the load 
distribution across the foundation, remains constant under differential 
foundation deformation. This is similar to the flexibility approach 
used by DeJong in his load calculations at the different footings. 

It should be kept in mind that this assumption is an idealization 
of the actual foundation behavior. The actual foundation undergoes 
many cycles of differential settlement followed by moment redistribtuion 
of loads which give rise to new differential settlement. The redistrib- 
ution of loads to each column is controlled by a complex interrelationship 
of stiffness effects that is further complicated by hysteresis behavior 
in the structure and the foundation. 

This assumption of flexible load application should tend to be 
conservative, predicting somewhat greater total and differential settle- 
ments. 

The net applied deadloads and corresponding settlements as cal- 
culated by DeJong (1971) are shown in Fig. 5.3. Loadings were assumed 
for footings where load was not reported. These loads were then aver- 
aged over the whole area giving rise to a uniform stress of 4.435 k.s.f. 
which was then used in the two and three-dimensional analyses. 


All the values of deformation moduli used in the CN foundation 
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analyses, came from pressuremeter tests in borehole CN] except those 
obtained in till. Tests performed on till at the south-west corner of 
the old courthouse, (borehole CH1) located about 1000 feet south of the 
CN tower, were more definitive and could be used with greater confidence 
than those obtained in CN1. CH1 was dry augered whereas CN1 was wet 
drilled perhaps creating a more irregular borehole. 

Each layer of elements was assigned a modulus value for the 
analyses according to the soil type it represented. Element layers 
Situated below 170 feet were assigned modulus values based on the 
pressuremeter moduli extrapolated linearly to the center of each 
respective layer (Fig. 4.3). 

A Poisson's ratio of 0.4 was assigned to all elements except 
for two analysis where the effect of the value of Poisson's ratio on 
deformation was being determined. 

Table 5.1 below gives pertinent information as to the analyses 


performed and the results plotted for the CN tower foundation. 
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TABLE 5.1 


ANALYSES PERFORMED AND RESULTS PLOTTED 
FOR THE CN TOWER FOUNDATION 


SS Se ee a a ee ee ae en ee 
SS SS SS SSS ee Se eee a 


Type of Grid Dimensions-ft. Poisson's Results Figures 
Finite Element Ratio Plotted Describing 
Analysis Depth Width Length Data 


3-D 363 320 400 0.4 Settlement at an. 
foundation 
level along 
the North face 


3-D 363 320 400 0.4 Settlement of spre: 
the loaded area 


2-D 363 320 - 0.4 Settlement at Spe eae.) 
foundation 
level 


2-D 1003 720 ~ 0.4 Settlement at By, 
foundation 
level 


2-D 363 320 - Be Settlement at ie 
foundation 
level 

2-D 363 320 - 0.495 Settlement at ae | 


foundation 
level 


From Fig. 5.7 it is evident that, for a uniform loading over an area 
of 158 x 110 feet, on a nonhomogeneous stratified foundation, the two- 
dimensional finite element analysis is as accurate as the three- 


dimensional analysis for predicting settlement in the plane strain regions 
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of loading. There is a very small deviation of the two-dimensional 
from the three-dimensional analysis in the region of high shear stress 
as was expected but this difference is negligible. The disparity is 
due mainly to different strain representation within the respective 
elements. This error could be further reduced through the use of more 
elements in the region of high stress gradient. 

Since it was necessary to work in terms of average stresses and 
settlements, the three-dimensional analysis has singular applicability 
with respect to average settlement comparison. Fig. 5.8 shows the 
loading section of the three-dimensional finite element grid with the 
corresponding nodal deformations. These deformation (settlement) 
values when averagedwere found to exceed the average measured settle- 
ments (Fig. 5.3) by only 7%. Nodal deformations correspondina to the 
central mat were not averaged in because settlement measurements had 
not been taken on this foundation component. 

The maximum differential settlement over a 30 foot span was 0.6 
cm. for both the two and three-dimensional analyses whereas the 
measured maximum was 0.7 cm. In considering this differential settle- 
ment one should keep in mind that the real loading was not uniform nor 
fully flexible and so should be regarded more critically than the average 
settlement comparison. 

There was approximately a 5% increase in the settlement profile in 
going from a arid depth of 363 feet to 1003 feet thus indicating little 
need for considering a depth greater than about 4 times the width of 
the loaded area for this particular foundation analysis. This relative 
insensitivity of settlement, with respect to depth of rigid base, for 


a given foundation loading is due primarily to increase in deformation 
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FIG. 5.8 CALCULATED NODAL SETTLEMENTS - LOADING SECTION OF 
THREE-DIMENSIONAL GRID - SOUTH-WEST QUADRANT, CN 
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modulus with depth. If the project will allow the increased cost, 
several depths should be considered since the actual depth at which 
the settlement (or heave) will become asymptotic will depend upon the 
loading intensity and aerial extent and the rate at which the modulus 
increased with depth. 

The value of Poisson's ratio is relatively unimportant in the 
calculation of E from the pressuremeter test since it enters into the 
formulation in the form of (1 +2) as shown in Equation 3.1. However 
in the case of the finite element analysis, the settlement results are 
sensitive to Poisson's ratio. Fig. 5.9 shows graphically the effects 
of Poisson's ratio on the settlement magnitude and profile in the two- 
dimensional analysis. The effect of increasing Poisson's ratio is to 
decrease the maximum settlement in a non-linear fashion. The settlement 
profile however remains relatively unaltered. 

Upon increasing Poisson's ratio, a greater lateral strain must 
accompany a given vertical strain. Lateral movement is prevented at 
the vertical boundaries of the finite element grid to simulate the lateral 
confinement that exists in the field situation. This restricted lateral 
movement results in higher lateral compressive stresses being developed 
for a given vertical stress increment and therefore according to Hooke's 
Law the vertical strain is reduced. 

The non-linear effect of Poisson's ratio on settlement arises from 
the fact that under plane strain conditions, vertical strain is a non- 
linear (cubic) function of Poisson's ratio. 

Selecting M= .42 results in convergence of computed and measured 
average settlement but a divergence of differential settlement. This 


divergence of differential settlement, though not conclusive evidence, 
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along with the nature in which the load-settlement data were obtained, 
supports the use of Poisson's ratio less than 0.5. About 220 days are 
involved in the settlement readings during which the load was applied 
continuously and therefore totally undrained load-settlement data were 
impossible to obtain. 

Assuming pA = .42 to be correct then it can be concluded that the 
pressuremeter moduli are exceptionally good. However the possibility of 
modulus anisotropy due to overconsolidation should not be forgotten, in 
view of the fact that the pressuremeter measures modulus normal to the 
borehole axis and this lateral modulus of deformation may be somewhat 
higher than the vertical modulus of deformation. Soil disturbance at 
the borehole fact, softening due to wet drilling procedure and the degree 
of lateral stress relief due to the downcutting of the North Saskatchewan 
River should serve to decrease somewhat the anisotropic effect of over- 
consolidation. However a more rigorous account of possible modulus 
anisotropy at the CN and AGT Tower sites is desirable. Although acknow- 


ledged, possible anisotropy is disregarded in the calculations. 


5.4 Analysis of Heave at the AGT Excavation 


Fig. 5.10 shows a plan view of the AGT excavation with location 
of rebound points and excavation zones. Also shown is the sequence of 
excavation. The excavation was approximately 330 feet square by 37 
feet deep and was situated about 50 feet away from the river bank. 

Two-dimensional analyses with a Poisson's ratio equal to 0.40 
were chosen on the basis of experience gained in the CN analysis. Close 
proximity to the river bank suggested a possible influence of the bank 


on the results of the analyses. Therefore plane strain analyses were 
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performed along axes number 1 and 2 as indicated in Figs. 4.2 and 

5.10. The surface profile along axis #1 (Fig. 5.14)) was determined from 
a contour map obtained from the Engineering Department of the City of 
Edmonton. The surface profile along axis #2 was assumed horizontal 

(FTd. 5.1). 

Plane strain conditions are better satisfied along a north-south 
axis than an east-west axis due to the river bank running essentially 
parallel to the southern border of the excavation. 

All deformation moduli were based on pressuremeter values obtained 
in borehole AGT] (Fig. 4.2). Moduli below that investigated with the 
pressuremeter were determined by linear and non-linear extrapolation 
(Fig. 4.4) of the modulus values obtained from the pressuremeter tests 
in the lower part of AGT1. 

The non-linear extrapolation used was similar to the power law 
relationship between the initial tangent modulus and the minor principal 
stress described by Janbu (1963). A "reasonable" non-linear projection 
of curve (b) Fig. 4.4 below the 190 foot depth produced a curve that 
could be described by Janbu's equation 

B= Ca (st) oe 


where E = the undrained modulus of deformation 





G a modulus number = 2300 


= atmospheric pressure = 14 psi 
= the effective lateral stress 
n = exponent number = 0.67 
o; was estimated on the basis of a single value of Ko = 1, a density of 


132 Ib/ft.>, and the water table was assumed to be located at a depth of 


130 feet. 
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Excavation was carried out in the manner indicated in Fig. 5.10 
with heave measurements taken as shown in Figs. 5.11 and 5.12. Stress 
release was based on the total unit weight of the soil removed as deter- 
mined by DeJong (1971) and was equal to 5.0 K.S.F. along the base of 
the excavation. The measured heave values at each rebound point were 
based on superposition of the elastic response experienced at each 
respective rebound point during each partial excavation. The rebound 
points were projected on to the plane strain axis as indicated in 
Fig. 5.10. The measured heave values in which the rebound at points 
2, 4 and 5 have been averaged, are plotted in Fig. 5.13. Points 6 
and 10 are projected slightly toward the excavation boundary to account 
for the smaller displacement gradients along planes parallel to the 
axes of symmetry. Points 2, 3, 4 and 5 lie within the region of low 
displacement gradients and therefore were projected orthogonally. 

DeJong reports difficulty in monitoring rebound point number 3 
after excavation of the S.E. quadrant, possibly due to lateral movement. 
This may have contributed to its relatively low heave value. 

Five analyses were performed on the AGT excavation and are des- 


cribed in Table 5.2. 
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TABLE 5.2 


ANALYSES PERFORMED AND RESULTS PLOTTED 
FOR THE AGT TOWER EXCAVATION 


eee ee eee een ae he Ait iter Site. -id. 3. 
ee Ee ES ee ee ee 


Type of Plane Dimensions - Poisson's Results Figures 
Finite Element Strain Loe Ratio Plotted Describing 
Analysis Axis Width Depth Data 


SSS ee a ee, ee ee ee ee 
a ee a ee ee eee 


2-D (linearmod. 2 880 1200 .40 Heave at S13 
extrap. ) foundation 
level 
2-D (linear) ] 900 1200 .40 Heave at 5 13,5214 
foundation 
level 
2-D (non-linear 1 900 1200 40 Heave at 5.13 
mod. extrap.) foundation 
level 
2-D (linear) ] 900 840 40 Heave at 5.14 
foundation 
level 
2-D (linear) ] 900 480 40 Heave at 5.14 
foundation 
level 


Fig. 5.13 shows a remarkable correspondence, both in profile and 
magnitude, of measured and calculated heave. The observed condition of 
negligible heave outside the excavation area is also demonstrated in 
the analyses and is generally believed due to increasing deformation 
modulus with depth (Gibson, 1967 and Ward et al. 1968). The close cor- 


respondence of heave magnitude reflects appropriate E values whereas 
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the similar heave profiles reflect the degree of accuracy of the analysis. 
A study of Fig. 5.13 also reveals little difference with respect to mag- 
nitude and profile of heave between calculations based on the linear 
extrapolation of E and those based on the non-linear extrapolation of E. 
It is felt that the linear and non-linear curves used bound the actual 
condition of modulus variation with depth at the AGT Tower site. Fig. 5.13 
would further indicate that the presence of the river bank does not affect 
the heave magnitude or profile. This is probably due also to increasing 
stiffness with depth. 

One of the problems encountered in settlement or heave analyses 
is that of deciding on a minimum depth that must be considered for an 
accurate prediction of deformation. The depth of concern in general will 
depend primarily upon the areal extent of loading and the non-homogeneity 
of the foundation material, particularly in regard to deformation prop- 
erties. If the foundation is assumed to be homogeneous, calculated 
deformations do not reach an early asymptote with respect to depth of 
assumed rigid base (Matheson, 1972). However under non-homogeneous 
foundation conditions, in which E increases linearly with depth, at the 
rate indicated in Fig. 4.4, calculated deformations reach an asumptote 
relatively soon with respect to depth of assumed rigid base (Fig. 5.13). 

Based on the linear extrapolation of E as shown in Fig. 4.4, it 
would have been sufficient to consider a depth of about 1.5 times the 
width of the loaded area for the AGT excavation heave analysis. It 
should be recognized however that a lesser modulus gradient such as the 
non-linear one considered in Fig. 4.4 would require a greater depth of 


concern in the deformation analysis. 
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5.5 Conclusions 

1. The pressuremeter deformation moduli in conjunction with a 
rationally selected Poisson's ratio of 0.42, when used in 
a finite element analysis, will accurately predict the elastic 
heave in open excavations and the elastic settlement of 
structures situated on the overconsolidated soils of down- 
town Edmonton. 

2. A two-dimensional constant strain triangle finite element 
analysis in plane strain can be used with the same degree 
of accuracy as a three-dimensional isoparametric hexahedron 
finite element analysis for predicting maximum total and 
differential settlement of a uniform flexible loading of 
area 158 x 110 square feet. This does not invalidate the 
two-dimensional analysis if the loaded area is less than 
that of the CN tower foundation. 

3. Two-dimensional finite element analyses are sensitive to 
the value of Poisson's ratio and therefore its value should 
not be arbitrarily selected. The selection should be a 
rational one based on degree of saturation, permeability, 
structure and density of the soil. 

4. Soil foundations exhibiting increasing modulus with depth, 
give rise to deformation that are confined essentially to 
the loaded area and the calculated deformations reach an 


early asymptote with respect to depth of assumed rigid base. 
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CHAPTER VI 


CONCLUSIONS 


The main objective of this thesis was to investigate the reliability 
of the pressuremeter as a device for obtaining representative in situ 
moduli that could be used in an elastic analyses for the prediction of 
immediate settlement or heave. A limited amount of laboratory testing 
was performed to demonstrate the degree of correspondence between moduli 
obtained from the pressuremeter test and those obtained from traditional 
laboratory testing. 

The results of this technical research are listed below. 

1. The moduli obtained from the pressuremeter tests, used in 
a finite element analysis in conjunction with a rationally 
selected Poisson's ratio will accurately predict elastic 
deformations of geotechnical concern in the overconsolidated 
soils and bedrock in Central Edmonton. 

2. The magnitude of the moduli obtained with the pressuremeter 
was significantly greater than the comparable laboratory 
values obtained in this study and by DeJong (1971) in his 
investigation at the same locations. The difference approached 
an order of magnitude. 

3. Limited laboratory results indicate that deformation modulus 
is sensitive to the stress path taken to failure. However it 
appears that regardless of the stress path taken, the initial 
tangent modulus will be low by a factor of from 5 to 7. 


4. A two-dimensional constant strain triangle finite element 


IV AaTIAHD 7, tt 





- 

evo 12UISNOD 

vsiffdst{oy oft stepttesvnt of 26w eteonyd afnt to syttoetde nism ant | 
utte nt ovidedonorsyaey pntnistdo ot sofveb 6 26. TStamstteestq any to in 

: 

to nottatbayq ot vot eseytsns attesis nb ni bee) sdebiueo dent tfubom | 


pittead yrotevods! to tnvoms bastmt! A, .svser 10 dremel tise sist bonut 

















tfubom neswesd sanobnagesyi02 to seigeb S$dt stattenomeb of banmmietisq 26w 
fenottibsys mort banistdo s2ondt bas ted yYotons weesig ene Mort bent6ddo 
mabsent yiotstods[ 
.wofed. botetl eyes dovsseey Isotndost artdd tovetiuesy sat 
nt bow .atest ystoemsyuezsya sat mov? bonfesdo #iubomiant ~ Tf 
vi fenoftssy. 6 .ttw nofsonutnos of 2eieyisas tnomela: ediarh « 
Sitesis tJotbavg ylsieiwo95 [liw oftey e'nozetod bevostge 
bsisbTloenosieve ant nt misanoo Isotndostosp to anoidemotab 
-fognonb3 Tarts) nf A3oybed bys, 21 hoe 
yotomsiueesiq sit Attw bentstdo tfubom eit to ebutinesin ont s 
vicderradel sidsyeqmoa add nsnd yotsorp visnsotttngte 26w 
etd nt ((X@F) probed yd bas ybute aint tt bate on 


eetiaaae mies ont 2not28201 om 2 ants 6, nobteett 


i aad | abu ae one 
- ine i hh 
wer Pe one ; ne mF ‘ i a a 






7 











94 


analysis in plane strain was used with the same degree of 
accuracy as a three-dimensional isoparametric hexahedron 

finite element analysis in predicting maximum total and dif- 
ferential settlement of a uniform flexible loading of area 

158 by 110 square feet. The average computer cost of the 
two-dimensional analyses was $4.50 and $550.00 for the three- 
dimensional analyses. 

Two-dimensional finite element analyses are sensitive to the 
value of Poisson's ratio (44). Arbitrary selection of pu 

is therefore discouraged in favor of a rationally obtained 
value in which such conditions as degree of saturation, 
permeability, structure and density of the soil are considered. 
Upon encountering intact bedrock, the moduli obtained from 

the pressuremeter tests showed a definite dependence on confin- 
ing pressure. The deformation modulus increased with depth 

in approximately the same manner for the two sites (CN and 

AGT Towers) investigated. An insufficient number of pressure- 
meter tests were performed to accurately establish the actual 
mathematical relationship between deformation modulus and 
depth, therefore both a linear and power law relationship 

were considered. 

Soil foundations exhibiting increasing modulus with depth, 

give rise to deformations that are confined essentially to the 
loaded area and calculated deformations reach an early asymptote 
with respect to depth of assumed rigid base. 

Pressuremeter tests in the fractured shale at the AGT tower site 


indicated the anticipated macrostructural control of the deform- 
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ation modulus. The volume-time curves exhibited elastic- 
plastic like behavior at low stress levels which can readily 

be explained in terms of deformation response to changes in 
applied stress resulting in the closing of fissures. 

In the pressuremeter testing of dense soils that have a pro- 
pensity to become disturbed, if the deposit is known to be 
relatively homogeneous, then it may be acceptable policy to 
regard only the highest measured E values as being represent- 
ative of the in situ stiffness of the soil. However, attention 
must be given to the possibility of increasing modulus with 
depth and to the acceptability of the volume-time curves 

from which the respective moduli were calculated, before the 
decision of acceptance or rejection of moduli is made. 

There appears to be little need in extending volume-time 
measurements beyond the elastic time interval (Te) for each 
pressure increment. However many readings should be taken 
within this interval. 

The pressure probe is very sensitive to borehole diameter, 
requiring close tolerance for effective performance. This 
condition is the result of lack of continuous restriction 

of longitudinal expansion of the measuring cell with increased 
borehole diameter. Expandable washers situated at either end 
of the measuring cell is suggested as a possible design solution. 
There is a need for a system of water control valves to be 
situated within the probe to allow pressuremeter testing in 
dry boreholes at depths greater than about 25 feet. 


There is an economic need for a 4 inch diameter probe from 
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the standpoint of existing drilling facilities in the Edmonton 
area. 

The cost per pressuremeter test in this study was $110 which 
does not include the pressuremeter operator's wage. At least 
a 50% reduction in cost should be attainable through non- 
restricted drilling procedures required upon implementing 
probe design improvements. The cost per Pitcher sample re- 
trieved was $100 from which a projected cost of about $130 
per modulus valve was estimated. This cost is conservative 
in that all samples retrieved can not be used for testing. 
This difference in cost along with the low degree of con- 
fidence associated with the deformation modulus obtained 

from conventional laboratory tests makes an investigation 
employing pressuremeter testing attractive both technically 


and economically. 
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